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Settlement Criteria and
Concept of Analysis

(text Sections 5.1 through 5.20, pp. 283- 285)

1. Tolerance Criteria of Settlement and Differential Settlement
& Settlement most often governs the design as allowable
settlement is exceeded before B.C. becomes critical.

@ Concerns of foundation settlement are subdivided into 3 levels of
associated damage:
» Architectural damage - cracks in walls, partitions, etc.
» Structural damage - reduced strength in structural members
» Functional damage - impairment of the structure functionality
The last two refer to stress and serviceability limit states,
respectively.
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Settlement Criteria and
Concept of Analysis

1. Tolerance Criteria of Settlement and Differential Settlement
(cont’d.)

& In principle, two approaches exist to determine the allowable
displacements.

(a) Rational Approach to Design

Design = Determine = Design found. = Check
Building allowable accordingly cost
deformation
& displacements

not acceptable

Problems: - expensive analysis ok
- limited accuracy in all predictions especially settlement &

differential settlement
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Settlement Criteria and
Concept of Analysis

1. Tolerance Criteria of Settlement and Differential Settlement
(cont'd.)

(b) Empirical Approach (see text section 5.20, “Tolerable Settlement of Buildings”, pp. 283-
285)
» based on performance of many structures, provide a guideline for maximum
settlement and maximum rotation

[
> S, .« = maximum settlement
» O = As = differential settlement
(between any two points)
5 : :
> (—) = maximum rotation
t max
A B
I I
q| |
o R _ B
~~~~~~~ T
‘*“LL} _____ . 8=As AL
i B
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Settlement Criteria and
Concept of Analysis

1. Tolerance Criteria of Settlement and Differential Settlement
(cont’d.)

(b) Empirical Approach

. . As o) Sp—S
Angular Distortion = tan § = (—) =-=2-"=
) max ¢ ¢
5 1 :
(—) > — architectural damage
) max 300
5 1 - : -
(—) > — tilting of high structures become visible
5 1 :
(—) > — structural damage likely
7
= 14.533 Advanced Foundation Engineering — Samuel Paikowsky

UMASS™




Settlement Criteria and
Concept of Analysis

1. Tolerance Criteria of Settlement and Differential Settlement
(cont’d.)

(b) Empirical Approach

maximum settlement (S,,,,) leading to differential settlement

» Masonry wall structure 1-27
» Framed structures 2-47
» Silos, mats 3-127

>

Lambe and Whitman “Soil Mechanics” provides in Table 14.1
and Figure 14.8 (see next page) the allowable maximum total
settlement, tilting and differential movements as well as limiting
angular distortions.
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Settlement Criteria and
Concept of Analysis

1. Tolerance Criteria of Settlement and Differential Settlement
(cont’d.)

Correlation Between Maximum Settlement to Angular Distortion

Grant, Christian & Van marke (ASCE - 1974)
correlation between angular settlement to maximum settlement, based on 95
buildings of which 56 were damaged.

- . Smax (iN) Pan (in)
Type of Found | Type of Soil 5 5 1
( /g)max ( /f)max B /300
: Clay 1200 4”

Isol. Footings Sand 600 o

Clay > 138 ft = 0.044 B (ft)

Mat . .
Sand no relationship

Limiting values of serviceability are typically s, = 1" for isolated footing and s, = 2"
for a raft which is more conservative than the above limit based on architectural
damage. Practically serviceability needs to be connected to the functionality of the

building and the tolerable limit.
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200 PART 11l DRY SOIL

Type of Mavement

Table 14,1 Allowable Settlement

Settlement Criteria and
Concept of Analysis

.- Total settlement

. Tilting.

. “Pifferential movement

(Lambe & Whitman, Soil Mechanics)

From Sowers, 1962,

Maximum
Limiting Factor Settlement
Drainage 612 in.
Acress . 12-24 in.
Probability of nonuniform settiement:
Masonry walled structure 1-2in.
Framed structures 2-4 in,
Smokestacks, silos, mats 3-12in.

Stability aguinst overturning

Tilting of smokestacks, towers

Rolling of trucks, etc.

Stacking of goods

Machine operation-cotton loom

Machine operation-turbogeneratar

Crane rails

Drainage of floors

High continuous brick wails

One-story brick mill building, wall
cracking

Plaster cracking (gypsum)

Reinforeed-conerete building frame

Reinforced-concrete building curtain
walis

Steel frame, continuous

Simple steel frame

Depends on
height and width
0.004/

0.017
0.01/
0.003f
0.0002/
0.003/
0.01-0.02!
0.0005-0.001/
0.001-0,002/

0.001/
0.0025-0.004/
0.003/

0.0024
(0.005/

Note. I = distance between adjacent columns that settle different amounts, or between any
two points that settle differently. Higher values are for regular settlements and more tolerant
structures. Lower values are for irregular settlements and eritical structures.
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Linut whare difficulties with machineny
sensilive to seitlements are to be fearec,

< Limit of danger for frames wilh diagonals.

= Sale limit for bwidings where cracking is not permissitle.

«— Limit whera first cracking in panel walls 15 to be axpegted,
p— Limit where difficulties with overhezd cranes are to be expected
r— Limit where lilling of high, rigid buiidings might become visible.

t<—— Considerable cracking in panel walls and brick walls.

~— Safe limit for flexible brick watls, b1 < 1/4.

+— Limit where structural damagie of general buildings is to be feared,

Fig.14.8 Limiting angular distertiens {From Bjerrun, 1963a).



Settlement Criteria and
Concept of Analysis

2. Types of Settlement and Methods of Analysis

Time

I S, (immediate) g

x—

S, (consolidation)

5 |
§ ————————————— "'"'"——————————T-SC(S)
5 (secondary
M compression = creep)
Si = Granular Soils S. Sy - Cohesive Soils
\)
Elastic Theory Consolidation Theory = Empirical Correlations

In principle, both types of settlement; the immediate and the long term, utilize

the compressibility of the soil, one however, is time dependent (consolidation
and secondary compression).
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Settlement Criteria and
Concept of Analysis

3. General Concept of Settlement Analysis

Two controlling factors influencing settlements:

» Net applied stress - Aq

» Compressibility of soil - ¢ = (settlement/ ' )
when dealing with clay c = f (t) as it changes with time

s = Aq x c xf (B)

where s = settlement [L]
Aq = net load [F/L?]
c = compressibility [L/(F/L?)]
f (B) = size effect [dimensionless]

obtain ¢ by — lab tests, plate L.T., SPT, CPT

c will be influenced by: - width of footing = B
- depth of footing =
- location of G.W. Table =
- type of loading — static or repeated
mg - soil type & quality affecting the modulus

g 3 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Vertical Stress Increase In the
Soil Due to a Foundation Load

Das 7t ed., Sections 5.2 — 5.6 (pp. 224 - 239)
Bowles sections 5.2 — 5.5 (pp. 286-302)

1. Principle

(a) Required: Vertical stress (pressure) increase under the footing in order to
asses settlement.

(b) Solution: Theoretical solution based on theory of elasticity assuming load on
o, homogeneous, isotropic, elastic half space.

» Homogeneous Uniform throughout at every point we have the
same qualities.

» Isotropic Identical in all directions, invariant with respect to
direction
» Orthotropic (tend to grow or form along a vertical axis)
different qualities in two planes
> Elastic capable of recovering shape
7
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Vertical Stress Increase In the
Soil Due to a Foundation Load

1. Principle (cont’'d.)

(c) Why can we use the elastic solutions for that problem?

> Is the soil elastic?
no, but...

GA

I. We are practically interested in the service loads which are
approximately the dead load.

» The ultimate load = design load x F.S.
» Designload=(DLxF.S.)+ (LLxF.S.)
» Service load 2 DL — within the elastic zone

ii. The only simple straight forward method we know

g 14.533 Advanced Foundation Engineering — Samuel Paikowsky
UMASS™
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Soil Due to a Foundation Load

2. Stress due to Concentrated Load

[Vertical Stress Increase In the

l P Boussinesq, 1885

Ap = Ao, = i r=.x%+y? (eq. 5.1)

2mz2 [1+(’”/Z)2]5/2

14.533 Advanced Foundation Engineering — Samuel Paikowsky




Vertical Stress Increase In the
Soil Due to a Foundation Load

3. Stress due to a Circularly Loaded Area

» referring to flexible areas as we assume uniform stress over the
area. Uniform stress will develop only under a flexible footing.
» integration of the above load from a point to an area.
- see equations 5.2, 5.3 (text 225)

Ap = Ao, = q {1 — ! 3 } vertical stress under the center
2
[14(320)°]

r

TEE)

see Table 5.1 (p.226) for Aq—i" = f(
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Vertical Stress Increase In the
Soil Due to a Foundation Load

4. Stress Below a Rectangular Area

Ap=Ac,=0q,x I
llllllllllll vy

below the corner of a by
. EERERE l

flexible rectangular loaded area y

|

I

m =58/, n==L/, :

|

3

Table 5.2 (p.228-229) — | =f (m,n)

(A 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Principles of Foundation Engineering

Corner of a Foundation

Table 5.2 Variation of Influence Value [ [Eq. (5.6)]

m 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0 1.2 1.4
0.1 0.00470  0.00917 0.01323 001678 0.01978  0.02223 002420 0.02576 0.02698  0.02794  0.02926  0.03007
0.2 0.00917  0.01790  0.02585 0.03280 0.03866  0.04348  0.04735 0.05042  0.05283 0.05471 0.05733  0.05894
0.3 0.01323  0.02585 0.03735 0.04742  0.05593 0.06294 0.06858 0.07308 0.07661  0.07938  0.08323  (.08561
04 001678 0.03280 0.04742 0.06024 0.07111  0.08009 0.08734  0.09314 0.09770 0.10129  0.10631  0.10941
0.5 0.01978  0.03866  0.05593  0.07111 0.08403  0.09473  0.10340 0.11035  0.11584  0.12018  0.12626  0.13003
0.6 0.02223  0.04348  0.06294  0.08009  0.09473  (.10688  0.11679 0.12474  0.13105  0.13605  0.14309  0.14749
0.7  0.02420 0.04735 0.06858  0.08734  0.10340 0.11679  0.12772  0.13653  0.14356  0.14914  0.15703  0.16199
0.8  0.02576  0.05042  0.07308 0.09314 0.11035 0.12474  0.13653  0.14607  0.15371 0.15978  0.16843  0.17389
0.9 0.02698  0.05283  0.07661  0.09770  0.11584  0.13105  0.14356  0.15371 0.16185 0.16835 0.17766  0.18357
1.0 0.02794  0.05471 0.07938  0.10129  0.12018 0.13605  0.14914  0.15978  0.16835 | 0.17522 | 0.18508 0.19139
1.2 0.02926  0.05733  0.08323  0.10631 0.12626  0.14309  0.15703  0.16843  0.17766  (.18508  0.19584  0.20278
1.4 003007 0.05804 0.08561 0.10941  0.13003 0.14749 0.16199  0.17380  0.18357  0.19139  0.20278  0.21020
1.6 003058 0.05994 0.08709 0.11135 0.13241  0.15028 0.16515 0.17739  0.18737 0.19546  0.20731  0.21510
1.8 0.03090  0.06058  0.08804  0.11260  0.13395  0.15207 0.16720  0.17967  0.18986  0.19814  0.21032  0.21836
2.0 0.03111 0.06100 0.08867 0.11342  0.13496  0.15326  0.16856  0.18119  0.19152  0.19994 0.21235 0.22058
25  0.03138 0.06155 0.08948 0.11450 0.13628 0.15483  0.17036  0.18321  0.19375 020236 021512  0.22364
3.0 0.03150 0.06178 0.08982  0.11495 0.13684  0.15550 0.17113  0.18407  0.19470  0.20341 0.21633  0.22499
4.0 0.03158  0.06194  0.09007 0.11527  0.13724  0.15598 0.17168  0.18469  0.19540 020417  0.21722  0.22600
50 003160 0.06199  0.09014 0.11537 0.13737 0.15612  0.17185 0.18488  0.19561  0.20440 021749  0.22632
6.0 0.03161 0.06201 0.09017  0.11541 0.13741 0.15617  0.17191 0.18496  0.19569  0.20449 021760  0.22644
80 003162 0.06202 0.09018 0.11543 0.13744  0.15621  0.17195  0.18500 0.19574 020455 0.21767 0.22652
10.0 0.03162  0.06202 0.09019 0.11544  0.13745  0.15622  0.17196  0.18502  0.19576  0.20457  0.21769  0.22654
oc 0.03162  0.06202  0.09019  0.11544  0.13745  0.15623  0.17197 0.18502  0.19577 0.20458 0.21770  0.22656
© 2011 Cengage Learning Engineering. All 5-16

Rights Reserved.
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Vertical Stress Increase In the
Soil Due to a Foundation Load

4. Stress Below a Rectangular Area (cont’'d.)

Stress at a point under different locations

I) @ i @ Figure 5.4 Stress below any point of a

T ___________ + ___________________ loaded flexible rectangular area (text p.196)
)

B, :

l @ ! @ use B, xL; > m,n; - |,
' B,xL, » myn, - |,
|

le z >le L >|
v ! B,xL; - m,n; > I

Ap=Ac, =q, (I4 + 13+ 13+ 1)) ByxLy, =& myn, — |y

Stress at a point under the center of the foundation

Ap = Ao, =q. X |,

l. = f(m,, ny) m, = L/B n, = z/(B/2)
%E »  Table 5.3 (p.230) provides values of m; and n,.
Y’ 5 > See next page for a chart Ap/q, vs. z/B, f(L/B)

UMASS™
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Principles of Foundation Engineering

Center of a Foundation

Table 5.3 Variation of [, with m, and n,

my
n; 1 2 3 4 5 6 7 8 9 10
0.20 0.994 0.997 0.997 0.997 0.997 0.997 0.997 0.997 0.997 0.997
0.40 0.960 0.976 0.977 0.977 0.977 0.977 0.977 0.977 0.977 0.977
0.60 0.892 0.932 0.936 0.936 0.937 0.937 0.937 0.937 0.937 0.937
0.80 0.800 0.870 0.878 0.880 0.881 0.881 0.881 0.881 0.881 0.881
1.00 0.701 0.800 0.814 0.817 0.818 0.818 0.818 0.818 0.818 0.818
1.20 0.606 0.727 0.748 0.753 0.754 0.755 0.755 0.755 0.755 0.755
1.40 0.522 0.658 0.685 0.692 0.694 0.695 0.695 0.696 0.696 0.696
1.60 0.449 0.593 0.627 0.636 0.639 0.640 0.641 0.641 0.641 0.642
1.80 0.388 0.534 0.573 0.585 0.590 0.591 0.592 0.592 0.593 0.593
2.00 0.336 0.481 0.525 0.540 0.545 0.547 0.548 0.549 0.549 0.549
3.00 0.179 0.293 0.348 0.373 0.384 0.389 0.392 0.393 0.394 0.395
4.00 0.108 0.190 0.241 0.269 0.285 0.293 0.298 0.301 0.302 0.303
5.00 0.072 0.131 0.174 0.202 0.219 0.229 0.236 0.240 0.242 0.244
6.00 0.051 0.095 0.130 0.155 0.172 0.184 0.192 0.197 0.200 0.202
7.00 0.038 0.072 0.100 0.122 0.139 0.150 0.158 0.164 0.168 0.171
8.00 0.029 0.056 0.079 0.098 0.113 0.125 0.133 0.139 0.144 0.147
9.00 0.023 0.045 0.064 0.081 0.094 0.105 0.113 0.119 0.124 0.128
10.00 0.019 0.037 0.053 0.067 0.079 0.089 0.097 0.103 0.108 0.112

© 2011 Cengage Learning Engineering. All

Rights Reserved.
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Vertical Stress Increase In the
Soil Due to a Foundation Load

Ap/q,
0 0.2 0.4 0.6 0.8 1
5. General Charts of Stress Distribution . -
Bene_ath Rectangular and Strip | L5 = 12%5
Footings /;y/ v
(a)—> 2P/4, Vs.?/g under the center of a ///24OO
rectangular footing with = 1 (square) to = 5 I /

oo (strip) . / /

Stress Increase in a Soil Mass Caused by
Foundation Load

<o
S S
e
—

4
Figure 3.41 Increase of stress under the center of a // /
flexible loaded rectangular area

Das “Principle of Foundation Engineering”, 3" Edition s
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Vertical Stress Increase
In the Soil Due to a
Foundation Load

5. General Charts of Stress
Distribution Beneath
Rectanqular and Strip
Footings (cont’'d.)

(b) Stress Contours (laterally and
vertically) of a strip and square
footings. Soil Mechanics, DM
7.1 —p. 167

Navy Design Manual

= 14.533 Advanced Founc

UMASS™

-0 r8 4
w o e llllllee » PS 2B 38 4B
' :;‘\
' - 4P NN .
L | oY 71‘]/,/ \ 0.4 ‘o.' p‘ N o
A5 N4 0.1P NI T,s
il A D.‘f/ \o.m [ A\ N
] A Lo/ N o't e \ L1
fvz‘ | o.ba ‘] \
- £ | o
]
A |
58 [2.9%F / 58
[1 ] \ LY |
- o.PPT -
kd \ h"""O;O‘F/ T8
\ N
EEER XS
~ d.08
. i ] 7 "
74
" . 28
\\ d
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0. INFIMITELY LONG FOOTING b. SQUARE FOOTING
B =20 P=2TSF
2 2 ef
SQUARE FOOTING irm | B TSF
GIVEN . o |05 |070Xx2 = 1.4
FOOTING SIZE = 20'X 20 20 | 0.38% 2 = 078
UNIT PRESSURE P=2TSF ' -
t. 0.19 = 038
FIND 30 5 X2
PROFILE OF STRESS INCREASE 40 [ 20 |10.12Xx2 = 024
BENEATH CENTER OF FOOTING
DUE TO APPLIED LOAD 50 |25 [0.07X2 = 0i4
60 | 30 |005X%X2 = QIO
FIGURE 3

Stress Contours and Their Application

20



Vertical Stress Increase In the
Soil Due to a Foundation Load

Example: size 8 x 8m, depth z = 4m i .

l 4m
Find the additional stress under the center of the footing - i ————— -
loaded with qg | Jfm

Table 5.2, | = 0.17522
1. Generic relationship 4x4x4
n=1

Ap = (4 x 0.17522)q, = 0.7q,

2. Specificto center, m1=1,n1=1 — Table 5.3, Ic = 0.701
3. Use Figure 3 of the Navy — Square Footing z = B/2, 6z~ 0.7p
4. Use figure 3.41 (class notes p.12) L/IB=1,2Z/B=0.5—> Ap/qo=0.7

M=11 fable 5.2, 1= 0.17522

71
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Vertical Stress Increase In the
Soil Due to a Foundation Load

6. Stress Under Embankment | B,

Figure 5.10 Embankment loading
(text p.236)

[*—q, = ¥H

E:———__________-\ . i
=

Ap =Ac =q,l" (eq.5.23)

I'=f (2, %2) > Figure 5.11 (p.237)

Example: y = 20 kN/m3
H=3m — q,=vH=60kPa
B,=4m — 2=2=0.80
z 5
B,=4m — Z2=:2=0.80
Zz=3m

Fig. 5.11 (p.237) & 1'~0.43 — Ap=0.43x60 = 25.8kPa

71
K ; 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Vertical Stress Increase In the
Soil Due to a Foundation Load

7. Averaqge Vertical Stress Increase due to a Rectanqular
Loaded Area

Average increase of stress over a depth H under the corner of a
rectangular foundation:

|, = f(m,n)

m = B/H

n=L/H

use Figure 5.7, p. 234

71
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Vertical Stress Increase In the
Soil Due to a Foundation Load

7. Average Vertical Stress Increase due to a Rectanqularly
Loaded Area (cont’'d.)

For the average depth between H, and H,

Qo
bivdad

H,

Use the following:

APayg = AG4q = 40 [Hlynz) - Hilan/(Hz - Hy)

(eq. 5.19, p.233 in the text)

g 14.533 Advanced Foundation Engineering — Samuel Paikowsky
UMASS™
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Vertical Stress Increase In the
Soil Due to a Foundation Load

7. Averaqge Vertical Stress Increase due to a Rectanqular
Loaded Area (cont’'d.)

Example: 8x8m footing
H=4m (H,=0, H,=4m)

Use 4x4x4 squares m=1,n=1

Figure 5.7 (p.234) |, = 0.225
APayg =4 x0.225xq,=0.9q,

0.9 q, is compared to 0.7q, (see previous example) which is the stress at
depth of 4m (0.5B). The 0.9 q, reflects the average stress between the
bottom of the footing (q,) to the depth of 0.5B.

71
K E 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Figure 5.7 Griffiths’ influence factor 7,
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Vertical Stress Increase In the
Soill Due to a Foundation Loa

0.26 n=om

2.0
0.24 ——
0.22 T 08
. /::_'__.—""" 0_6
Vi T 05
0.20 V47% gb" ann :
0.18 AT L — 0.4
. oL LA
0.16 f%//{;/ (L 03
M “__..--""
0.14 /ﬁ& P %
& 0.12 454/;""###_—__ '
g BEE 01
0.08 T
/ 1
0.06 [—=
0.04
0.02
0.0
0.1 02 03 040506 0.8 1.0 2 3 4 5 678910
m
Figure 5.7 Griffiths’ Influence factor I (text p.234)
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Vertical Stress Increase In the
Soil Due to a Foundation Load

8. Influence Chart — Newmark’s Solution

Perform numerical integration of equation 5.1

1
Influence value = 700 (# of segments)

Each segment contributes the same amount:

1. Draw the footing shape to a scale where z
= length AB (2 cm = 20 mm)

2. The point under which we look for Ac, ', is
placed at the center of the chart.

3. Count the units and partial units covered
by the foundation

4. Ao, =Ap=Qq,xmx|

where m = # of counted units
d, = contact stress

/100/ | = influence factor = — = 0.005
200

/A
K = 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Vertical Stress Incre
In the Soil Due to a
Foundation Load

Fig. 3.50 Influence chart for vertical
stress o, (Newmark, 1942) (All values
of v) (Poulos and Davis, 1991)

o, = 0.001N, where N = no. of blocks \

P = o 5
i Scale of Distance OO+ Infience vahe
= Depth 'z at which : par Blotk = 0-001
I’Aq 14.533 Advar WA St | Coomaded
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Vertical Stress Increase In the
Soil Due to a Foundation Load

8. Influence Chart — Newmark’s Solution

Example Jeontact = 100kPa
|<20—m’| 2 l l l l l v

10m l2=10m
5m +

What is the additional vertical stress at a depth of 10 m under point A ?

1. z=10m scale 20 mm =10 m -
2. Draw building in scale with point A at the center U

No. of elements — is (say) 76
Ac, = Ap =100 X 76 x — = 38kPa 10mm

40rhm /

»

71
K E 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Vertical Stress Increase In the
Soil Due to a Foundation Load

9. Using Charts Describing Increase in Pressure

See figures from the Navy Design Manual and Das 3™ edition Fig 3.41
(notes pp. 12 & 13)

Many charts exist for different specific cases like Figure 5.11 (p.237)
describing the load of an embankment (for extensive review see
“Elastic Solutions for Soil and Rock Mechanics” by Poulus and Davis)

Most important to note:

1. What and where is the chart good for?
e.g. under center or corner of footing?

2. When dealing with lateral stresses, what are the parameters used
(mostly p) to find the lateral stress from the vertical stress

71
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Vertical Stress Increase In the
Soil Due to a Foundation Load

10. Simplified Relationship

Back of an envelope calculations

2 : 1 Method (text p.231)
Figure 5.5, (p.231)

1 1 1 1 i 1 | Foundation B X L

T

2 vertical to 5 B —11 2 vertical to
1 horizontal 1 horizontal
Ao, = AP = ¢ :
v
(B+2z)(L+ 2)
Ao
L \ A Y 1 ' ¥
}g B+z I
A 3 14.533 Advanced Foundation Engineering — Samuel Paikowsky .
UMASS™
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Vertical Stress Increase In the
Soil Due to a Foundation Load

10. Simplified Relationship (cont’d.)

Example:
What is the existing, additional, and total stress at the center of the loose
sand under the center of the foundation ?

1TMN

3
<3
#

B=3m
L=4m
v=19kN/m3

G, = (2 x 19) + (0.5 x 17) = 46.5 kPa

Using 2:1 method:
Ao 1000kN _ _ 40KkPa Geontact = 83.3kPa(1/q, = 0.50)

PA: v = (3+1.5)(4+1.5)
énssg 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Vertical Stress Increase In the
Soil Due to a Foundation Load

10. Simplified Relationship (cont’d.)

Example:

Total average stress at the middle of the loose sand o, = 86.5 kPa

Using Fig. 3.41 of these notes (p.12):

Z_1.5_05

B 3
L2 59 %~ 0.75
B 3 do

Ap =0.75x83.3 =62.5 kPa

The difference between the two values is due to the fact that the stress
calculated by the 2:1 method is the average stress at the depth of 1.5m
while the chart provides the stress at a point, under the center of the

> foundation.
@E 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Vertical Stress Increase In the
Soil Due to a Foundation Load

10. Simplified Relationship (cont’d.)

Example:

This can be checked by examining the stresses under the corner of the

foundation.
= — n=-—=267
1.5 1.5
Table 5.2 (p.228-229) | ~ 0.23671 interpolated between
0.23614 0.23782
n=25 n=3

Ap = 0.23671 x 83.3 = 19.71

Checking the average stress between the center and the corner:

— Apcorner -ZI_ Apcenter — 625 -|_21971 — 411 kPa

the obtained value is very close to the stress calculated by the 2:1 method
that provided the average stress at the depth of 1.5m. (40kPa).

71
K E 14.533 Advanced Foundation Engineering — Samuel Paikowsky
UMASS™

35



Immediate Settlement
Analysis

_ _ (text Sections 5.9-5.14, pp. 243-273)
General Elastic Relations

Different equations follow the principle of the analysis presented on class notes pg. 6.
For a uniform load (flexible foundation) on a surface of a deep elastic layer, the text presents the
following detailed analysis:

2
1-p
. ' S
S, =, (B’ )—=1.1, (eq. 5.33)
Es
do = contact stress
B’ = B’=B for settlement under the corner
= B'=B/2 for settlement under the center

=ST) = soil’'s modulus of elasticity and Poisson’s ratio within zone of influence
o = factor depending on the settlement location

» for settlement under the center; o=4, m'=L/B, n'=H/(B/2)

» for settlement under the corner; o=1, m’=L/B, n'=H/B
1-2u

I = shape factor, I = F; + EFZ
F, & F, f(n" & m’) use Tables 5.8 and 5.9, pp. 248-251
I = depth factor, Iy = £ ("//,15,"/3 ), use Table 5.10 (pp.252), I; = 1 for D; = 0

For a rigid footing, S, = 0.93S, (flexible footing)

14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Immediate Settlement
Analysis

2. Finding E§, u: the Modulus of Elasticity and Poisson’s Ratio

For E, : direct evaluation from laboratory tests (triaxial) or use general values and/or
empirical correlation. For general values, use Table 5.8 from Das (6t ed., 2007).

Table 5.8 Elastic Parameters of VVarious Soils

Modulus of elasticity, Eg

Loose sand 10.5 — 24.0 1500 — 3500 0.20 — 0.40
Medium dense sand ~ 17.25 — 27.60 2500 — 4000 0.25 — 0.40 For u (Poisson’s Ratio):
Dense sand 3450-5520 5000 — 8000 0.30—045  Cohesive Soils
Silty sand 10.35-17.25 1500 — 2500 0.20 — 0.40 » Saturated C())Igys AV =0,
Sand and gravel ~ 69.00 — 172.50 10,000 — 25,000 0.15-0.35 H=v=">
Soft o 41207 500 — 3000 » Other Soils, usually p=v =
ofclay S B 0.3to 0.4
Medium clay 20.7 — 41.4 3000 — 6000 0.20 — 0.50
Stiff clay 41.4 —96.6 6000 — 14,000
/A =
£ o 14.533 Advanced Foundation Engineering — Samuel Paikowsky s
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Immediate Settlement
Analysis

2. Finding E§, u: the Modulus of Elasticity and Poisson’s Ratio
(cont’'d.)

Empirical Relations of Modulus of Elasticity

5—5 = aNg, o =510 15 (eq. 2.29)

(5—sands with fine s, 10—Clean N.C. sand, 15—clean O.C. sand)

Navy Design Manual (Use field values): Es/y
(E in tsf)
»  Silts, sandy silts, slightly cohesive silt-sand mixtures 4
»  Clean, fine to medium, sands & slightly silty sands 7
»  Coarse sands & sands with little gravel 10
»  Sandy gravels with gravel 12
7
= 14.533 Advanced Foundation Engineering — Samuel Paikowsky

UMASS™

38



Immediate Settlement
Analysis

2. Finding E§, u: the Modulus of Elasticity and Poisson’s Ratio
(cont’'d.)

E. = 2 to 3.5q, (cone resistance) CPT General Value

(Some correlation suggest 2.5 for equidimensional foundations and 3.5 for a strip
foundation.)

General range for clays:
N.C. ClaysEs = 250c¢, to 500c,
O.C. ClaysEs = 750c, to 1000c,

See Table 5.7 for E, = -C, and B = f(Pl, OCR)
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Immediate Settlement
Analysis

3. Improved Equation for Elastic Settlement (Mayne and Poulos,

1999)

Considering: foundation rigidity, embedment depth, increase of E_, with depth,
location of rigid layers within the zone of influence.

e %o ‘ T
T ' ‘ ' f el +F Beds R B ¢ - > Es
Compressible T Bo=
. §
soil layer H E,+ kz
ES
M l
| Rigid 1ayer
Y
Depth, z
/U
= 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Immediate Settlement
Analysis

3. Improved Equation for Elastic Settlement (Mayne and Poulos,
1999) (cont’'d.)

The settlement below the center of the foundation:

BelglIpl
S, = ‘TOE% (1—p?) (eq. 5.46)
10 I L] I LWL I NN | |
4BL . . >30 100
> B, = /T or for a circular foundation, B, = B 5.0
0.8 |- =
2.0
» Eg = E, + kz being considered through I
0.6 — 1.0 —

> g =f(B, H/B,), B = E,/kB, C

0.4

Figure 5.18 (p.255) o2
Variation of I with

0 AN T 0 NS I N 0 1 N Y I Y SO M
001 2 4601 1 10 100
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Immediate Settlement
Analysis

3. Improved Equation for Elastic Settlement (Mayne and Poulos,
1999) (cont’'d.)

» Effect of foundation rigidity is being considered through I

3
I = f(k) flexibility factor kp = ( i )(ﬁ)

E0+Bz—ek Be

1.0

k needs to be estimated el

E: = modulus of foundation material 00 L

t = thickness of foundation 085 |
Figure 5.19 (p.256) Variation of  os| KF=(E f’igek)(%i)a
rigidity correction factor I- with i

flexibility factor kg [EQ.(5.47)] 0.75 [~ -

0.7 S i 8 M O I N 1 SO RN 0 10 [ O
00012 4 0.01 0.1 1.0 10.0 100

g IS 14.533 Advanced Foundation Engineering — Samuel Paikowsky
UMASS™

42



Immediate Settlement
Analysis

3. Improved Equation for Elastic Settlement (Mayne and Poulos,
1999) (cont’'d.)

» Effect of embedment is being considered through I¢
1.0 |

|E=f(“s’ Df’ Be)

0.95 =
0.9 =
ue = 0.5
5 0.85 04 |
0.3
0.8 0.2
0.1
Figure 5.20 (p.256) Variation of embedment s ;
correction factor Iz with D/B, [Eq.(5.48)] '
Note: Figure in the text shows I instead of I.. 1 1 :
0.7
0 5 10 15 20
Dy
71 -
( ; 14.533 Advanced Foundation Engineering — Samuel Paikowsky

UMASS™

43



Immediate Settlement
Analysis

4. Immediate (Elastic) Settlement of Sandy Soil — The Strain
Influence Factor (Schmertmann and Hartman, 1978)

(See Section 5.12, pp. 258-263)

The surface settlement

oo

(i) s;= fZZO &,dz

From the theory of elasticity, the distribution of vertical strain ¢, under a linear elastic
half space subjected to a uniform distributed load over an area:

" A
(i) &= ?qlz

Aq = the contact load
E = modulus of elasticity - the elastic medium
|, = strain influence factor = f (u, point of interest)

/A
K = 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Immediate Settlement
Analysis

4. Immediate (Elastic) Settlement of Sandy Soil — The Strain
Influence Factor (Schmertmann and Hartman, 1978) (cont’d.)

» From stress distribution (see Figure 3.41, p.12 of notes):

influence of a square footing ~ 2B or o0 "6 os
influence of a strip footing ~ 4B "
Aq ~ 0 : i =1
(both for R 10%) | s 12%5
| 5204
» From FEM and test results. //24/
The influence factor L: /e

-‘-\_\_‘_‘-‘_"‘-—\_
l

|

T

71
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Immediate Settlement
Analysis

4. Immediate (Elastic) Settlement of Sandy Soil — The Strain
Influence Factor (Schmertmann and Hartman, 1978) (cont’d.)

0 > |
—B—» z
058 | equidimensional
footing
B (square, circle)
158 —
lp
2B — strip footing
e (L/B >10)
3B — - -
q do
3.58 — \ A A 1 & --
DRl
e e e TN
458 —
A
- Z
m% Below Footing . . .
3 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Immediate Settlement
Analysis

Immediate (Elastic) Settlement of Sandy Soil — The Strain Influence
Factor (Schmertmann and Hartman, 1978) (cont’'d.)

substituting the above into Eq. (i).
2B
For square Si = Aqfo %dz

Approximating the integral by summation and using the above simplified € vs. D/B relations we
get to equation 5.49 of the text.

Se = C,CAq Xitq (;_Zs) Az;

AqQ = contact stress (net stress = stress at found — q;)

c,=1-05 ["Aq]
o', IS calculated at the foundation depth
|, = strain influence factor from the distribution
E, = modulus in the middle of the layer
C, -(use1.0)orC,=1+0.2log (10t)

Creep correction factor t = elapsed time in years, e.g. t = 5 years, C, = 1.34

14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Immediate Settlement
Analysis

5. The Preferable Iz Distribution for the Strain Influence Factor

The distribution of |, provided in p.28 of the notes is actually a
simplified version proposed by Das (Figure 5.21, p.259 of the text).
The more complete version of |, distribution recommended by
Schmertmann et al. (1978) is

Aq

I,,=0.5+0.1

Where o', is the effective vertical stress at the depth of I, (i.e. 0.5B
and 1B below the foundation for axisymmetric and strip footings,
respectively).
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Immediate Settlement
Analysis

6. Immediate Settlement in Sandy Soils using Burland and
Burbridge’s (1985) Method

(Section 5.13, pp.265-267)

S = oy [220) ()7 () (eq. 570

1. Determine N SPT with depth (eq. 5.67, 5.68)
2. Determine the depth of stress influence - z' (eq. 5.69)
3. Determine o4, a,, a; for NC or OC sand (p.266)
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Immediate Settlement
Analysis

7. Case History — Immediate Settlement in Sand

A rectangular foundation for a bridge pier is of the dimensions L=23m and
B=2.6m, supported by a granular soil deposit. For simplicity it can be
assumed that L/B ~ 10 and, hence, it is a strip footing.

e Provided g, with depth (next page)

e lLoading = 178.54kPa, q = 31.39kPa (at D;=2m)

Find the settlement of the foundation
(a-1) The Strain Influence Factor (as in the text)

C,=1-05—1_—1-05 5159 = 0.893
L Tg—q 17854 —31.39

t
C,0.2log (0—1) — t =5 years C,=1.34

t=10years C,=1.40

71
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Immediate Settlement
Analysis

7. Case History — Immediate Settlement in Sand (cont’d.)

Using the attached Table for the calculation of Az (see next page)

I
S q)zE—ZAZ — (0.893)(1.34)(178.54 — 31.39)(18.95 x 10~5m)
S
S, = 0.03336m = 33mm
Fort=10years — S, =34.5mm

For the calculation of the strain in the individual layer and it’s integration over
the entire zone of influence, follow the influence chart (notes p.28) and the
figure and calculation table below.
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Immediate Settlement
Analysis

7. Case History — Immediate Settlement in Sand (cont’d.)

Example 0o o
Z=0.Um 7] z— V-
Z = O —> IZ - 02 21_0_5m_ 1,=0.2577
z=1B=2.6m—1,=05 m ([
0.5—-0.2

2,=0.5m - 1,= 0.2+ =—=x0.5=0.2577

note: sublayer 1 has a thickness of Im and  z=26m 1,=0.5

we calculate the influence factor at the

Center Of the Iayer zto the center I, at the

Az q, E; of the layer center of (I,{E;) Az
Layer {m) (kN/m?} (kN/m?) {m} the layer {m?/kN)
1 1 2,450 8,575 0.5 0.258 3.00 x 1073
2 1.6 3430 12,005 18 0.408 543 % 107
3 04 3,430 12,005 2.8 0.487 162 x 1075
4 0.5 6,870 24,045 325 0.458 0.95 x 10" °
5 1.0 2,950 10,325 40 0.410 3.97 x 107
6 05 8,340 29,190 475 0.362 0.62 % 1075
7 1.5 14,000 49,000 5.75 0.298 091 x 1073
8 1 6,000 21,000 7.0 0.247 1.17 x 1077
9 1 10,000 35,000 8.0 0.154 0.44 x 10°*
10 1.9 4,000 14,000 9,45 0062 0.84 x 107°
3104 m = 4B 2 18.95 x 1077
- "E, = 35g,
g = 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Immediate Settlement

Analysis

7. Case History — Immediate Settlement in Sand (cont’'d.)

§= 178.54 kN/m?

L=2m
&“_ l ' 1 l i I 1 l l.:}:il_]‘;’ kN/m® 2m
i I I l 1 *
0 L2 T~p3 04 05 O I,
= =
Variation of |,and q. below 2t ; )
- L _________ # 3
the foundation s n é?
4 i. % (3
""""" el —" O N
-4 !
= 6oF - } @
— ’l L S T —
E- ‘.\\ s | R Ly S - —®
a gk a}o‘-: . ! O)
) e
- I
0" i ©
12 Approximate variation of g,
10 | | ] |
{] 4,000 8,000 12,000 16,006

Cone penetration resistance, g, (kN/m®)

7% :
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7. Case History — Immediate Settlement in Sand (cont’d.)

Find the settlement of the foundation
(a-2) The Strain Influence Factor (Schmertmann et al., 1978))

4q
I,,=0.5+0.1 |

q =31.39kPa — y,=15.70kN/m3
Aq =178.54 — 31.39 = 147.15

o'y, @ 1B below the foundation = 31.39 + 2.6 (15.70) = 72.20kPa

72.2

I,y = 0.5+ 0.1 = 0.50 + 0.14 = 0.64
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7. Case History — Immediate Settlement in Sand (cont'd.)

This change will affect the table on p. 28 in the following way:

0.285 |.=0.2+0.169xZ
0.505
0.624 Z=2.6m 1,,=0.64
0.587
0.525
LENT 0464
0.382
B 0.279
: B 0.197 ,=0.082 x (10.4 - 2)
N _ z , I 0.078
$e= 160~ @) ), 747 e BEREITA U
Using the IZp S, =40.6mm
fort=10years, S,=42.4mm
Z=10.4m

71 =
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7. Case History — Immediate Settlement in Sand (cont’d.)

Using the previously presented elastic solutions for comparison:

(b) The elastic settlement analysis presented in section 5.10
2
S, = qo(aB’)%ISIf (eq. 5.33)

B’ =2.6/2 =1.3m for center
B =2.6m for corner
qo, = 178.54kPa (stress applied to the foundation)

Strip footing, zone of influence ~ 4B = 10.4m

From the problem figure =» q. = 4000kPa. Note the upper area is most
important and the high resistance zone between depths 5 to 6.3m is deeper than
2B, so choosing 4,000kPa is on the safe side. Can also use weighted average
(equation 5.34)

uimssg':. 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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7. Case History — Immediate Settlement in Sand (cont’d.)

(b) The elastic settlement analysis presented in section 5.10 (cont'd.)

qd. =~ 4,000kPa, general, use notes p.24-25:
E. =2.5q, = 104,000kPa, matching the recommendation for a square footing
s =~ 0.3 (the material dense)

For settlement under the center:
o=4, m'=L/B=23/2.6 = 8.85, n'=H/(B/2)= (>30m)/(2.6/2) > 23

Table 58 m'=9 n'=12 F,=0.828 F,=0.095
m=9 n=100 F,=1.182 F,=0.014

the difference between the values of m'=8 or m’=9 is negligible so using m’'=9 is
ok. For n’ one can interpolate. For accurate values one can follow equations
5.34 to 5.39.

7
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7. Case History — Immediate Settlement in Sand (cont’d.)

(b) The elastic settlement analysis presented in section 5.10 (cont’d.)
interpolated values for n'=23 =» F,=0.872, F,=0.085

for exact calculations:

1— 2 1—2(0.3)
F, = 0.872 +
1—p, ° 1-0.3

I, =F + (0.085) = 0.921

As the sand layer extends deep below the footing H/B >> and F, is
quite negligible.
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7. Case History — Immediate Settlement in Sand (cont’d.)

(b) The elastic settlement analysis presented in section 5.10 (cont’d.)
For settlement under corner:
o=1, m'=L/B= 8.85, n’=H/(B)= (>30m)/2.6 > 11.5

Tables 5.8 & 5.9
m=9 n=12 F,=0.828 F,=0.095

1—2(0.3)
1-0.3

I, = 0.828 + (0.095) = 0.882

D/B =2/2.6 =0.70, L/B=23/2.6=28.85

Table 5.10 = u, = 0.3, B/L=0.2,D/B =0.6 = |;=0.85,
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7. Case History — Immediate Settlement in Sand (cont’d.)

(b) The elastic settlement analysis presented in section 5.10 (cont’d.)

» Settlement under the center (B' = B/2, o = 4)

1 — (0.3)2
S, = 178.54(4)(1.15) 1 0( 00 o) (0.921)(0.85) = 0.0585m = 58mm

» Settlement under the corner (B’ =B, o = 1)

1 — (0.3)2
S, =178.54(1)(2.3) 10(000) (0.882)(0.85) = 0.0280m = 28mm

Average Settlement = 43mm

Using eq. 5.41 settlement for flexible footing = (0.93)(43) = 40mm
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7. Case History — Immediate Settlement in Sand (cont’d.)

(c) The elastic settlement analysis presented in section 5.11

B IgIpl
S, = ""E% (1-ps?)  (eq. 5.46)

ABL  [4(2.6)(23
B, = —=\/( )(23) _ 873m
T T

kB,

p

Using the given figure of g, with depth, an approximation of g, with
depth can be made such that q.=q,+z(q/z) where q, = 2200kPa,
g/z ~ 6000/8 = 750kPa/m
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7. Case History — Immediate Settlement in Sand (cont’d.)

(c) The elastic settlement analysis presented in section 5.11 (cont'd.)

Using the ratio of E./q, = 2.5 used before, this relationship translates
to E, = 5500kPa and k = E/z = 1875kPa/m

5500

b= de7)873) 33

H/B, = >10/8.73 > 1.15 no indication for a rigid layer and actually a
less dense layer starts at =<9m (g, = 4000kPa)

Figure 5.18, B ~ 0.34 — I ~ 0.35 (note; H/B, has almost no effect in
that zone when greater than 1.0)

71
K E 14.533 Advanced Foundation Engineering — Samuel Paikowsky
UMASS™

62



Immediate Settlement
Analysis

7. Case History — Immediate Settlement in Sand (cont’d.)

(c) The elastic settlement analysis presented in section 5.11 (cont’d.)

3
Eq + 22 \Be

2

Using E; = 15x10%kPa, t = 0.5m

- 15 >; ;(3)6 (2 X o.5>3 ies
5500 + ~5—1875 \ 573
=y 1 T, = 0.80
47 46x10k; 4 46x10x 1.65
Ip=1— . =1- - =1-—— =095
3.5p(1.22p5-0.4) (Be/Df n 1.6) 3.5(122u5=049)(8.73/, 1 16) 20.18
_ Se _ 178.54)(8.73:50(.):;5X0.80X0.95 (1 . 032) — 0.0686m = m
mg 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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7. Case History — Immediate Settlement in Sand (cont’d.)

(d) Burland and Burbridge’s Method presented in Section 5.13, p.265

1. Using g, = 4,000kPa = 41.8tsf and as E;= 7N and E_ = 2q, we
can also say that: N = q.(tsf)/3.5
. N=12

2. The variation of g, with depth suggests increase of g, to a depth
of ~6.5m (2.5B) and then decrease. We can assume that
equation 5.69 is valid as the distance to the “soft” layer (z") is
beyond 2B.

2 =14 (—)0'75 Br = 0.3m
B =2.6m
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7. Case History — Immediate Settlement in Sand (cont'd.)

(d) Burland and Burbridge’s Method presented in Section 5.13, p.265
(cont'd.)

3. Elastic Settlement (eq. 5.70)

2

L

1.25= B\O7 /g1

S, =Braiar-«a - (—) (—)
€ LS 0.25+§ Bp Pa

Assuming N.C. Sand:

2
1-25% 2.6\"7 (178.54
S, = 0.3(0.14)(0.049)(1) 61 (=2
0.25 + == \0-3 100
' 2.6

2
11.06
Se = 0.00206 [9—1] (8.67)%7(1.7854) = 0.025m = 25mm
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7. Case History — Immediate Settlement in Sand (cont'd.)

(e) Summary and Conclusions

Method Case Settlement (mm)

Strain Influence |, (Das) 33
Section 5.12, 5 years | |,, (Schmertmann et al.) 41
Center 58

Elastic Section 5.10 Corner 28
Average 40

Elastic Section 5.11 69
B & B Section 5.13 60

U The elastic solution (section 5.10) and the improved elastic equation (section 5.11)
resulted with a similar settlement analysis under the center of the footing (58 and 69mm).
This settlement is about twice that of the strain influence factor method as presented by
Das (text) and B&B (section 5.13) (33 and 25mm, respectively).

U Averaging the elastic solution method result for the center and corner and evaluating
“flexible” foundation resulted with a settlement similar to the strain influence factor as
proposed by Schmertmann (40 vs. 41mm). The improved method considers the
foundation stiffness.

i
( = 14.533 Advanced Foundation Engineering — Samuel Paikowsky

66



Immediate Settlement
Analysis

7. Case History — Immediate Settlement in Sand (cont’d.)

(e) Summary and Conclusions (cont’d.)

O The elastic solutions of sections 5.10 and 5.11 are quite
complex and take into considerations many factors compared
to common past elastic methods.

U The major shortcoming of all the settlement analyses is the
accuracy of the soil’s parameters, in particular the soil’s
modulus and its variation with depth. As such, many of the
refined factors (e.g. for the elastic solutions of sections 5.10
and 5.11) are of limited contribution in light of the soill
parameter’s accuracy.
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Immediate Settlement
Analysis

7. Case History — Immediate Settlement in Sand (cont’d.)

(e) Summary and Conclusions (cont’d.)

 What to use?

1) From a study conducted at UML Geotechnical
Engineering Research Lab, the strain influence method
using I,, recommended by Schmertmann provided the
best results with the mean ratio of load measured to load
calculated for a given settlement being about 1.28 + 0.77
(1 S.D.) for 231 settlement measurements on 53
foundations.

2) Check as many methods as possible, make sure to
examine the simple elastic method.

3) Check ranges of solutions based on the possible range of
the parameters (e.g. E).

/A
K E 14.533 Advanced Foundation Engineering — Samuel Paikowsky
UMASS™

68



Immediate Settlement
Analysis

7. Case History — Immediate Settlement in Sand (cont’d.)

(e) Summary and Conclusions (cont’d.)

For example, in choosing q, we could examine the variation
between 3,500 to 6,000 and then the variation in the relationship
between g, and E, between 2 to 3.5. The results would be:

E.... = 2 x 3,500 = 7,000kPa
E..., = 3.5Xx 6,000 = 21,000kPa

As S, of equation 5.33 is directly inverse to E, this range will
result with:

Semin = 27mm, S, = 81mm (compared to 57mm)
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Immediate Settlement
Analysis

8. Immediate (Elastic) Settlement of Foundations on
Saturated Clays: (Junbu et al., 1956), section 5.9, p.243

u=v,=0.5 Flexible Footings

Se = A4, 2= (eq. 5.30)
A, = Shape factor and finite layer - A, =1f(H/B, L/B)

A, = Depth factor- A, =f(D/B)

Note: H/B >>> deep layer the values become asymptotic
e.g. forL =B (square) and H/B>10A,~ 0.9
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Immediate | +_3—4§:,r
Settlement Analysis .

8. Immediate (Elastic) Settlement of \
Foundations on Saturated Clays: A, 09 <~
(Junbu et al., 1956), section 5.9, p.243 T
(cont’'d.)
0.8
0 5 10 15 20
D,/B
20 I T 1T T T T 1T T 1T T 17117 T T TTT
A L/B= s ]
» = 10
1.5_ //M—-’—’_‘—_-_:I
5

T TF

1

Square

N

Figure 5.14 Values of A, and A, for elastic
settlement calculation — Eq. (5.30) (after o8 Ve i

—

Circle

Christian and Carrier, 1978) - ]
Ob P L) Ll i JII1l I [ L]l L il
0.1 1 10 100 1000
3 . B H/B
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Consolidation Settlement -
Long Term Settlement

Consolidation General, text Section 1.13 (pp. 32-37)
Consolidation Settlement for Foundations, text Sections 5.15 — 5.20 (pp. 273-285)

1. Principle and Analogy

W
W
8

model t=0"*

incompressible

Piston Cylinder

B
By B Ay

Water

S p rl n g A ] A H = O TR CCCCOTELL ™
I S Y, R R
l S I SRR UL \\\\\\\\\\\*\\\\\\\\\\\
S R L O R R SRR I
A A

Peoring = O Pering = 0 P

u=uy,=0 u; =

spring =AH x Kspring P =P
P_Pspring

A A

spring spring

A B I R A
B it A H — S

B S, - 1
S S,
T s

Y SRCR AR
H —_ H ] R AL
fo) RS S

S
T
B C
R
A

LI
P - B et Baotachniont
I’A; ey
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Consolidation Settlement -
Long Term Settlement

1. Principle and Analogy (cont’d.)

We relate only to changes, i.e. the initial condition of the
stress in the soil (force in the spring) and the water are being
considered as zero. The water pressure before the loading
and at the final condition after the completion of the
dissipation process is hydrostatic and is taken as zero, (u, =
Unyarostatic = 0)- The force in the spring before the loading is
equal to the weight of the piston (effective stresses in the soil)
and is also considered as zero for the process, P, = P, =
effective stress before loading= P, .- The initial condition of
the process is full load in the water and zero load in the soill
(spring), at the end of the process there is zero load in the
water and full load in the soil.
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Consolidation Settlement -
Long Term Settlement

1. Principle and Analogy (cont’d.)

Analogy Summary

model soil

water — water

spring — soil skeleton/effective stresses

piston — foundation

hole size— permeability

force P —» load on the foundation or at the relevant soil layer due
to the foundation

1
Pspring/Load U,/ U,
0 ;
10- log t 107

7
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis

(a) Principle of Analysis

szeo W waGszeYW .
weight - volume

Z

e : — v V{

Vs | relations saturated clay
W,

V.=1 S Ggeley,,

S

w
w = —

5]

initial soil volume =V, =1 + e,

final soil volume = V;= 1+e_-Ae
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(a) Principle of Analysis (cont’d.)

AV =V, - V= Ae
As area A = Constant: V,=H,xAand V;=H;xA
AV =V_-V; = A(H,-Hp)=A x AH

AV
A

for 1-D  (note, we do not consider 3-D effects and assume pore pressure
migration and volume change in one direction only).

AH

AH AV AV N : AV Ae Ae
A a_ AV substituting for V, e relations ¢, = ==

gv_HO_VO/A_VO, 0_V0_1+eo
Ae
AH = e, X Hy = X H
& 0 1+ep 0
7
= 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(a) Principle of Analysis (cont’d.)

Calculating Ae

We need to know:

I.  Consolidation parameters c_, c, at a representative point(s) of the
layer, based on odometer tests on undisturbed samples.

ii. The additional stress at the same point(s) of the layer, based on
elastic analysis.

71
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(b) Consolidation Test (1-D Test)

Dial gauge
Load
" | Water level 1. Oedometer = Consolidometer

Porous stone 2. Test Results
Ring

Soil specimen

Porous stone

(a)

Figure 1.15a Schematic Diagram of
consolidation test arrangement (p.33)

/A
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(b) Consolidation Test (1-D Test) (cont’d.)
b) settlement with time under a certain load

a) final settlement with load after 24 hours
A

Void ratio, e

id ratio, ¢

Time, t(log scale)

Pressure, p {log scale)

1% .
e = 7” e << —» V, << — denser material

s W,
Ya>>  Ya=- (V<5

A 3 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(c) Obtaining Parameters from Test Results

2.3

o;
analysis of e-log p results. 90| &——ta] !
” ’ )72
1st Stage - Casagrande’s procedure to find max. N T~
past pressure. (see Figures 1.15to0 1.17, text pp.33 _ 2* ' N~ ¢ |
. & . i ; .
to 37, respectively) £ 19 oo N ~
- 18 S T
1. find the max. curvature. = | \ __Slope =C,
» use a constant distance and look for the max. o ! & ? N \
normal. 1.6 3’03 e
» draw tangent to the curve at that point. - f‘”lf“" =G| epad) (ep, 7$)
2. draw horizontal line through that point and divide the ’ ) i
=gl Hm 100 400
3. extend (if doesn'’t exist) the e-log p line to e = 0.42¢, Eifeciive feasire; o QN/ad)
4. extend the tangent to the curve and find its point of (b)

intersection with the bisector of stage 2. - P_/= max.

past pressure Figure 1.15 (b) e-log &’ curve for a soft clay

from East St. Louis, lllinois (note: at the end
of consolidation, ¢ = ¢’

71
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(c) Obtaining Parameters from Test Results (cont’d.) ’
Pc

OCR = —;
Po

analysis of e-log p results.

2nd Stage - Reconstructing the full e-log p’ ‘
(undisturbed) curve (Schmertmann’s Method, See R

Figures 1.16 and 1.17, pp.35,37)

1. find the point e, p’,
e, = o, X Gy P'n =77z

2. find the avg. recompression curve and pass a parallel
line through point 1.

Void ratio, ¢

3. find pointp./ &e
4. connect the above point to
e =0.42¢,
0. 42
Ce
} .
Pw Pressure. p (log scale)
7
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(c) Obtaining Parameters from Test Results (cont’d.)

Compression index (or ratio)

C = Ae e —e
i log(pz/pl) log(pz/pc)

Recompression index (or ratio)

Ae €y — €1

7 108(pc/ po) ) log(pc/ po)

> See p.35-37 of the text for C, & C,
values.

» natural clay C_= 0.09(LL -10)
where LL is in (%) (eq.1.50)

»> B.B.C C,=0.35 C,=0.07

71
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(d) FEinal Settlement Analysis g% of (case 2)
ralio, ¢ ) f
GOV - GCV i1___-
Void Case | Ae | 13—~
ratio, 1 | 2
a i i ! "-Lh.:»in I } T_ Ae Case 2
1 = Slope € ‘ : I
| [ I
e | | |I
| | i 1 :
| e O
) __i_____ Gf'=GO+AG' I I i Slope C.
I
: : I ! : I'ressure,
| | Pressure, o, o tAd o)t A’ (log scale)
| I - o' Case | Case 2 S '
Ty o, + Ao (log scale) Overconsolidated clay
Mormally consolidated clay . (e)
(b} Ake 1 Akez
A [ | A |
olgt+Aa/ olg+A0c
Ae = C,.log—— Ae = C log—+C log—2
a/o Olc
Mﬁ (for o’y + Ac’ > ') T
g E 14.533 Advanced Foundation Engineering — Samuel Paikowsky " i
UMASS™

83



Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(d) Einal Settlement Analysis (cont’d.)

Solution:

1. Subdivide layers according to stratification and stress variation
2. In the center of each layer calculate ¢’ (s’,) and Ac’

3. Calculate for each layer Ae,

H—ZH Aei
__ 11+eo

i=1

replace p, by 6,/ ax @nd p, by 6./,
The average increase of the pressure on a layer (Ac’ = As’,,) can be
approximated using the text; eq. 5.84 (p.274)

Aoy, = %(Ac’t + 4Ac’, + Ac'y)
T T T
top middle bottom
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(d) Einal Settlement Analysis (cont’d.)

Skempton - Bjerrum Modification for Consolidation Settlement
Section 5.16 p. 275 - 279

The developed equations are based on 1-D consolidation in which the
increase of pore pressure = increase of stresses due to the applied load.
Practically we don’t have 1-D loading in most cases and hence different
horizontal and vertical stresses.

Au = o, + Alo-6]

A = Skempton’s pore pressure parameter
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(d) Einal Settlement Analysis (cont’d.)

For example: Triaxial Test

N.C. OCR=1 0.5<A<1
OCR <4 0.25<A<0.5
OCR~5 0 Oc
OCR>6 -0.5<A<0

considering the partial pore pressure build up, (1
1

we can modify our calculations:

1) calculate the consolidation settlement the same way as was shown earlier

2) determine pore water pressure parameter — lab test or see the table on p. 52 in the text
3) H./B = consolidation depth / foundation width

4) use Fig. 5.31, p.276, (A & H/B) — settlement ratio (<1) (Note circular or continuous)

5) S.-S. .. x Settlement Ratio

Note: Table 5.14, p.277 provides the settlement ratio as a function of B/H, and OCR based on
Leonards (1976) field work. It is an alternative to Figure 5.31 as A = f(OCR), (see above) for which
mg an equivalent circular foundation can be calculated (e.g. )

g 3 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(d) Einal Settlement Analysis (cont’d.)
From Das, Figure 5.31 and Table 5.14

Table 5.14 Variation of K¢, with OCR and B/H,
Coor mmeo s Slo emzos
1 1 1 1

051" = 2 0.986 0.957 0.929

o sl J / 3 0.972 0.914 0.842

306 = 4 0.964 0.871 0.771

£ g 5 0.950 0.829 0.707

i e 6 0.943 0.800 0.643

3 04— 7 0.929 0.757 0.586

q,_a/ 8 0.914 0.729 0.529

Fsl 9 0.900 0.700 0.493

& o 10 0.886 0.671 0.457

foundation 11 0.871 0.643 0.429

Continuous 12 0.864 0.629 0.414

——— foundation 13 0.857 0.614 0.400

9 P 5 P 08 10 14 0.850 0.607 0.386

Pore water pressure parameter, A 15 0.843 0.600 0.371

_ _ _ 16 0.843 0.600 0.357
Figure 5.31 Settlement ratios for circular (K;,) and

mg continuous (K,) foundations T =
£ 14.533 Advanced Foundation Engineering — Samuel Paikowsky g
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(e) EXAMPLE — Final Consolidation Settlement

P=1MN
Calculate the final settlement of the l
footing shown in the figure below. Note, \ / Am x 4m
OCR = 2 for all depths. Give the final
settlement with and without Skempton &
Bjerrum Modification. Voot = 20 KN/m3  C,=0.20
C,=0.05 3B = 12m
Yo & 10 KN/m3 OCR =2
G, =265
o, =37.7%

(note: assume 1-D consolidation)
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)
(e) EXAMPLE — Final Consolidation Settlement (cont’'d.)

P=1MN, B=4mx4m, q, = 1000/16=62.5kPa

Layer! | 1 |(0.25)+| 0.90 |56.3| 10 | 20 66.3 |0.1188 | 0.1188
Layer i ?, (075) + 050 [313] 30 | 60 61.3 |0.0165| 0.0165
Layerll | g (150)+ 0.16 | 100 | 60 | 120 70.0 | 0.003 0.006
LayerIV 180 (25)+ 0.07 | 44 | 100 | 200 | 1044 | 0.001 0.002
__________ 12 | e

2. =0.1433m

7%

£ VB 14.533 Advanced Foundation Engineering — Samuel Paikowsky I\L."
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(e) EXAMPLE — Final Consolidation Settlement (cont’'d.)

1) From Figure 3.41, Notes p. 12
— influence depth {10% — 2B, = 5% — 3B} = 12 m.

2) Subdivide the influence zone into 4 sublayers 2 of 2m in the upper zone
(major stress concentration) and 2 of 4 m below.

3) Calculate for the center of each layer: A;, P.', P.', P

4) e, =0,G,=1.0

5) Calculate Ae for each layer: k P,

AL

Ae, = ¢, log =+ C,log 22 = 0.1188

Ae, = ¢ log 2 + C, log === 0.0165

Ae; = ¢, log % = 0.003

Ae, = ¢, log == = 0.001

v

log p
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(e) EXAMPLE — Final Consolidation Settlement (cont’'d.)

For the evaluation of the increased stress, use general Charts of
Stress distribution beneath a rectangular and strip footings

Use Figure 3.41 (p.12 of notes)
— AP/, vs. Z/p under the center of a rectangular footing

(use “/p=1)
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CO n S O I | d atl O n Stress Increase in a Soil Mass Caused by Foundation Load

- Ap/q,
Settlement - Long 02 04 06 08 1
Term Settlement , | Jé/
=

2. Final Settlement Analysis | L/B = 2

(cont'd.) //}-54/ 4

(€) EXAMPLE - Final //2/’

Consolidation Settlement . ,/// /?O

(cont’d.) // /

3/B

Das “Principle of Foundation

Engineering”, 3™ Edition 4 // /
Figure 3.41 Increase of stress
under the center of a flexible
Y, C loaded rectangular area S
(AE 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)
(e) EXAMPLE — Final Consolidation Settlement (cont’'d.)

6) The final settlement, not using the table:

0.1188 0.0165 0.003 0.001

+ 2m X + 4m X + 4m X

1+1 1+1 1+1 T Olam

Aei
AH=zAHi — 2m x
1+eo

= 14cm

note: upper 2m contributes ~ 85% of the total settlement
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(e) EXAMPLE — Final Consolidation Settlement (cont’d.)

6) The final settlement, not using the table: (cont'd.)

Skempton - Bjerrum Modification
Use Figure 5.31, p. 276

A=0.4 Hc/B>>>2 Settlement ratio < 0.57
Sc <0.57 x 14 = 8cm Sc < 8cm

» Check solution when using equation 5.84 and the average
stress increase:

Ac’,, = %(As’t +4Ac', + Ac'y)

Like before, assume a layer of 3B = 12m

Ac', = q, = ==~ = 62.5 kPa Ao’ (@6m = 1.5B) = 0.16q,

Ac', (@12m = 3B) = 0.04q,
Ac',,= 1/6 (1 +4 x 0.16 + 0.04)q, = 1/6 x 1.68 x 62.5= 0.28 x 62.5 = 17.5 kPa

m;ﬁ Ac',,=17.5 kPa
uﬁassﬁ 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(e) EXAMPLE — Final Consolidation Settlement (cont’d.)

6) The final settlement, not using the table: (cont'd.)
Z =6m, Z/B = 1.5, 2—" =0.28 Aq=17.5kPa
0

P, = 60kPa, P/ = 120kPa P =77.5kPa

77.5

Ae = C, log —>=0.05x0.111 = 0.0056

Ae 0.0056
X AH =
1+eg 1+1

X 12m = 0.033m = 3.33 cm

Why is there so much difference?

As OCR does not change with depth, the influence of the additional
stresses decrease very rapidly and hence the concept of the "average
point" layer does not work well in this case. The additional stresses at
the representative point remain below the maximum past pressure and
hence large strains do not develop. The use of equation 5.84 is more
mg effective with a layer of a final thickness.
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Consolidation Settlement -
Long Term Settlement

2. Final Settlement Analysis (cont’d.)

(f) Terzachi’s 1-D Consolidation Equation

Terzaghi used the known diffusion theory (e.g. heat flow) and applied it to
consolidation.

1) The soil is homogenous and fully saturated

2) The solid and the water are incompressible
3) Darcy’s Law governs the flow of water out of the pores
4) Drainage and compression are one dimensional
5) The strains are calculated using the small strain theory, i.e. load
increments produce small strains
7
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Consolidation
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Term Settlement
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2. Final Settlement
Analysis (cont’d.)

Terzachi’'s 1-D
Consolidation Equation

(cont’d.)
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Consolidation
Settlement - Long
Term Settlement

2. Final Settlement
Analysis (cont’d.)

(f) Terzachi's 1-D
Consolidation Equation

(cont’d.)
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Consolidation Settlement -
Long Term Settlement

3. Time Rate Consolidation (sections 1.15 and 1.16 in the text,
pp.38-47)

(@) Outline of Analysis

The consolidation equation is based on homogeneous completely
saturated clay-water system where the compressibility of the water and soill
grains is negligible and the flow is in one direction only, the direction of
compression.

Utilizing Darci’s Law and a mass conservation equation = rate of outflow -
rate of inflow = rate of volume change; leads to a second order differential
equation

0%u, oOu, OJdo,

C =— —
V 0272 ot ot

U, = €XCess pore pressure
o, = vertical effective stress

Practically, we use either numerical solution or the following two
mg relationships related to two types of problems:

g 3 14.533 Advanced Foundation Engineering — Samuel Paikowsky
UMASS™
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Long Term Settlement

3. Time Rate Consolidation (cont'd.)

(@) Outline of Analysis (cont’d.)

Problem 1: Time and Average Consolidation

2
— Tder

Equation 1) | &; C
v

t. - The time for which we want to find the average consolidation settlement.
See Fig. 1.21 (p.42) in the text, and the tables on p.56-58 in the notes.

T, = time factor - T =f (U,,,)
(L) Hg = the layer thickness of drainage path.

(5) C, = coeff. of consolidation =

Ywmy

a
m, = coeff. Of volume comp. = 1+’;
0

. A
av = coeff. Of compression = A—;

71
K E 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Consolidation Settlement -
Long Term Settlement

3. Time Rate Consolidation (cont'd.)

(@) Outline of Analysis (cont’'d.)

Problem 1: Time and Average Consolidation

) St Settlement of the layer at time t
Equation2) Ugyy = — =

Sco " Final settlement due to primary consolidation

Table 7.3 Varigiion

(=]

& [ : o ' gfegme Fcfacfor with
= ; . : ree o
5 pol : Coruoll 3
2 2 \ ‘ _ dation (P, 9‘)
3 \ Degrea of Time
é \\ : consolidation  factar,
o 0~ 0 g 40 ! N U% To
For initial RN |
k-] P \ ; 2
constant pore ¢ so : - : 0 0.008
. 5 o S - ‘ 20 0.031
pressure with 3§ ~] , prO
depth » 80 F——T - 50 0.17
€p 5 ] 60 0.287
< 70 0.403
100 L . 80 0.567
0 - 0.2 0.4 0.6 08 09 lgog 0.848
_ Time factor, T, *
P E Figure 7.25 Variation of average degree of consolidation with time ‘ *ug is constamt with depth
( E fsctor, T, (ug constant with depth) ’
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Long Term Settlement

3. Time Rate Consolidation (cont'd.)

(@) Outline of Analysis (cont’'d.)

Problem 2: Time related to a consolidation at a specific point

Equation 3)  Degree of consolidation at a point Uy =1— =

Uz o

Pore pressure at a point (distance z, time t) U, =y, xhw;
For initial linear distribution of Aui the following distribution of pore pressures with
depths and time is provided

20

TL R

AL (EAN
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\\‘“\J‘ (¥ !1:"'
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" |
Fig. 1.20 (c) il S it
Plot of Au/Au, with T, Iy
and H/H_ (p.39) s Zj//'///

i
I
=

\\“--.,,__d_,.f

]

_ \_\\

] 0.1 02 0.3 04 0.5 [T [T ST L0
- Excess pore water pressure, As
P" ﬁ Initial excess pore water pressure, Au, Geotcchnical
E
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Table 1

One-Dimensional Consolidation Theory:

Solutlons for Four Cages of initlel Excess Pore
Water Pressure Disirlbution in Double-Drained

Stratum,

Average Degree of Consolidation for
Various Values of T

Distribulions ol
Initial Excess Pore
Water Pressure

Average Degree of Consolidatlon, U (%}

T Case 1 Case 2 Case 3 Case 4 T r
0.004 .14 6.49 U.98 0.50 "
0.008 10.09 862 1.95 1.60 Constant
0012 12.36 10.49 292 2.40 |
0.020 15.96 13.67 481 4.00
0.028 18.88 16.38 6.67 5.60
0036  .21.40 18.76 8.50 7.20 .
0.048 2472 21.96 117 9.60 Linver
0.060 27.64 24.81 13.76 11.99 walation
0.072 30.28 17.43 16.28 14.36 / CASE 1
0.083 32,51 29.67 18.52 16.51
0100 3568 32.88 2187 19.77 P\‘\\
0.425 39.89 36.54 26.54 24.42
0.150 43.70 4112 3093 24.86 Halt
0175 4748 44.73 15.07 31.06 nr Cure
0200 50.41 48.09 Y5 37.04 | CASE 2
0.250 56.22 54.17 A6l 4432
0300 61.32 5950 5230 50.78
f.5510) 65.82 04.21 A7 41 50.4Y
0.400 69.79 68 36 627} 61.54 !
0500 7640 26.2% 70 8% 09.95 fine Curve
0.600 81.56 80.69 77.25 76.52 CASE3
0.700 85.59 B4.91 82,22 81.65
1,800 88.74 BR.2t 6.1 1 ¥5.66
0.900 91.20 90.79 89,15 4.80
1.000 93.13 Y2.50 Y1.52 91.25 Triangutar
1.500 98.00 97.90 v7.51 Y7.45 / CASE 4
2000 99.42 99.39 LV IRAY Y9.26
Case 4
Cose 1 Case 3 Triangulor Increase
fon Sine Cuve  and Decrease

. Con_stan!_ FT

2H

a) - Double - Droined Sirotum

ey

One-Dimensicnal Consolidation Theary: Time
Factor for Various Average Degrees of
Censolidation Double-Drained Stratum

Time Factor T

U (%) Case ! Case 2 Case 3 Caso 4
0 0 0 0 0

s 0.0020 0.0030 0.0208 0.0250

10 0078 0113 0427 0500

15 M7 0238 0659 0753
20 0314 0405 0904 101
28 0dv) 0608 17 128
30 0707 {0847 145 157
35 0962 12 175 IR7
40 26 143 207 220
45 159 A77 242 255
50 197 218 .281 294
55 239 257 324 336
4 60 286 305 371 384
. 65 342 359 425 438
70 A03 422 4K 501
75 A17 495 562 575
80 567 586 652 665
BS 684 702 169 782
90 0.848 0.867 0933 0.946
95 1.129 Lidk 1.214 1.227
14 o o 4] o

r

see Table 1 for initial excess pore
pressure distribution

Halt Sine

Cose 2°'
Curve

Tria

b) - Single - Drained Stratum

Case 3'

ngular Increase
N .

Fig. 7.8--Initial excess pore waler pressure distribution lor
double-drained and single-drained sirata for which Table 1

is applicable.



Consolidation Settlement -
Long Term Settlement

3. Time Rate Consolidation (cont'd.)

(b) Obtaining Parameters from the Analysis of e-log t Consolidation Test

Results
d, 4
A e T
T d, 2 1
tl t 2
d 15 2
-g) dso3 _____________________
=
@ t3
@©
o N
E d1oo""""-""""""'"E‘ ----- '-’-‘-‘:f;~~-—
b 1:50 1:100 g
1. findd, - O consolidation timet=0

settime t, t, = 4t t; = 4t,
find corresponding d,, d,, d;
offset d, - d, above d, and d, - d; above d,

2. findd,y, - 100% consolidation
referring to primary consolidation (not secondary).

mE 3. find d5, and the associated ts,

g 3 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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3. Time Rate Consolidation (cont'd.)

(b) Obtaining Parameters from the Analysis of e-log t Consolidation Test
Results (cont’d.)

Coefficient of consolidation

2
_ TiH gy

C
(% t;

T, = time factor (equation 1.75, p.41 of text)

H,4 = drainage path = 2 sample
t. = time for i% consolidation

Using 50% consolidation and case |

0.197H 4,2
C, = — T for Uavg = 50%
tso
and linear initial distribution
7
= 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Consolidation Settlement -
Long Term Settlement

3. Time Rate Consolidation (cont'd.)

(b) Obtaining Parameters from the Analysis of e-log t Consolidation Test
Results (cont'd.)

Coefficient of consolidation
For simplicity we can write u(z,, t) = U,

0°u  ou
Cv = —_——= —
0z2 ot
Substitute
(wip1,; — 2wz + Uiq ;) B (wije1 — uij)

Cy Az?2 At

Which can easily be solved by a computer. For simplicity we can rewrite the above

equation as:
Uiprj = AUipr; + (1 — 2a)uy; + auyq

For which:

Cy- At _ 0

a = = U.
(Az)?
7
= 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Long Term Settlement

3. Time Rate Consolidation (cont'd.)

(b) Obtaining Parameters from the Analysis of e-log t Consolidation Test
Results (cont'd.)

Coefficient of consolidation

For a = 0.5 we get:
1
Ujjr1 = 5 (ui—l,j + ui+1,j)

This form allows for hand calculations

e.g. Fori=2, j=3 Uy = 2 (Uj3 + Ugs)

71
K ; 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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3. Time Rate Consolidation
(cont'd.)

(b) Obtaining Parameters from
the Analysis of e-log t

Consolidation Test Results
(cont’d.)

mi

UMASS™
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- B = 50 ft '
4. Consolidation Example
The construction of a new runway in lllllllllllll lllllll
Logan Airport requires the pre-loading of v g, = 600 psf
the runway with approximately 0.3 tsf. : _
The simplified geometry of the problemis 10 ft|  granular fill y,,=115 pcf | | (o ft \ 4
as outlined below, with the runway length - —
being 1 mile. z/B=0.2 z=10
Ysat 110 pCf
N.C. BBC C,=0.35
C.=0.07
A; = 0.89
30 ft C,=0.05 cm?/min
z/B=0.5 z=25 e,=1.1
10ft
z/B=0.8 z=40
%g Granular Glacial Till
K = 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Long Term Settlement

4. Consolidation Example (cont’'d.)

1) Calculate the final settlement.

Assuming a strip footing and checking the stress distribution under the center of
the footing using Fig. 3.41 (p. 12 of the notes)

Top of Clay 10 | 0.2 | ~0.98 588
Middleof Clay | 25 | 0.5 | ~0.82 492
Bottomof Clay | 40 | 0.8 | ~0.60 360

Using the average method

AG' gy = < (0" + 4A0"y, + Ad’y) = = (588 + 4 X 492 + 360) = 486pst

Ag
f'.. 2 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Consolidation Settlement -
Long Term Settlement

4. Consolidation Example (cont’'d.)

1) Calculate the final settlement (cont'd.)

The average number agrees well with the additional stress found for the center of
the layer, (492psf).

Assuming that the center of the layer represents the entire layer for a uniform
stress distribution. At 25 ft:

P, =0,/ =115x5+(115-62.4) x5+ (110 -62.4) x 15
=575 + 263 + 714 = 1552psf

Pf =p, +Aq = 1552 + 486 = 2038 psf

Ae = C_log (pf/p,’) = 0.35 log (2038/1552) = 0.0414

_ 30ft x 12inch x [ 22414
= U7 M A\ T ¥ 11

Ae
s=AH=H<

> = 7.1linch
1 + €o

71
K E 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Long Term Settlement

4. Consolidation Example (cont’'d.)

2) Assuming that the excess pore water pressure is uniform with depth and equal to
the pressure at the representative point, find:

(a) The consolidation settlement after 1 year

> Find the time factor:

2
t.—T”Hi T_tin
i~ T ¢ v —
v

Hgyr

C, = 0.05 cm?/min = 0.00775 in?/min
Hy=H/2=30ft/2=151t
T, =12 x 30 x 24 x 60 x 0.00775 / (15 x 12)2 = 0.124

» Find the average consolidation for the time factor.

For a uniform distribution you can use equation 1.74 (p.41) of the text or the chart or
tables provided in the notes.

71
{ E 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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4. Consolidation Example (cont’'d.)

2) Assuming that the excess pore water pressure is uniform with depth
and equal to the pressure at the representative point, find:

(a) The consolidation settlement after 1 year
» Find the average consolidation for the time factor.
Using the table in the class notes (p.56 & p.58)

T =0.125 - Case | - uniform or linear initial excess pore
pressure distribution.-> U = 39.89 % = 40%

__ St
Uavg - S_

o0

S,=U,.xS

o0

avg ¥

S;=0.40 x 7.1 = 2.84 inch

71
{ E 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Long Term Settlement

4. Consolidation Example (cont’d.)

2) Assuming that the excess pore water pressure is uniform with depth
and equal to the pressure at the representative point, find: (cont'd.)

(b) What is the pore pressure 10 ft. above the till 1 year after the
loading?

From above; t =12 months, T =0.124
2 Hd, = 30 ft
z /[ Hgy =20/15 = 1.33 (z is measured from the top of the clay layer)

Using the isochrones with T = 0.124 and z/H = 1.33
We getu,/u;~ 0.8
u, = 0.8 x 486 = 389 psf

7
A 3 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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4. Consolidation Example (cont’d.)

2) Assuming that the excess pore water pressure is uniform with depth
and equal to the pressure at the representative point, find: (cont'd.)

(c) What will be the height of a water column in a piezometer located

10 ft above the till: (i) immediately after loading and (ii) one year
after the loading?

(i) u, =486 psf h. = uly, = 486/62.4 = 7.79ft.

(i) u, = 389 psf h = uly, = 389/ 62.4 = 6.20 ft

The water level will be 2.79 ft. above ground and 1.2 ft above the
ground level immediately after loading and one year after the
loading, respectively.

71
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5. Secondary Consolidation (Compression) Settlement

Figure 5.33 (p.279)
(a) Variation of e with log t under a given
load increment, and definition of secondary
compression index. g
a3
z
S
Time, t(log scale)
= 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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5. Secondary Consolidation (Compression) Settlement
(cont’d.)

Following the full dissipation of the excess pore pressure, (primary
consolidation) more settlement takes place, termed secondary compression or
secondary consolidation. This settlement under constant effective stresses is
analogous to creep in other materials. The secondary consolidation is
relatively small in regular clays but can be dominant in organic soils, in

particular peat.
Ae relate to any 2 points
C, on the secondary

log (tz/tl) compression curve

Magnitude of secondary consolidation:

A .
Sc(s) = 1+ZO H. where: Ae = C, log(tz/ tl) |felact)<? itr?’[érr]ees?mﬂ
Clays C,/cc=0.045 £ 0.01
Peats C,/cc=0.075 £ 0.01
/U
3 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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ABSTRACT

11
Peat is an organic complex soil, well known for its high compressibility and low stabilitv. Peat forms
naturally by the incomplete decomposition of plant and animal constituents under anaerobic conditions at
low temperatures. 4 relocation of state highway No. 44 in Carver, Massachusells requires the
construction of sheet pile walls, fills and embankments through cranberry bogs and ponds containing

deep peat deposits. The engineering properties of Carver peat in Southern Massachusetts (south of

Boston) were investigated via laboratory testing including standard index tests, fiber content, engineering

classification, consolidated undrained triaxial tests, and oedometer tests. The tests were carried out on

vertically and horizontally orviented undisturbed samples. Unlike inorganic clays, the secondary

compression of peat is of great significance as it dominates its deformation and takes place over a long

period of time. The presented test program examines the deformation properties of the peat and the ratio

of the coefficient of secondary compression (C.) to compression index (C.). The data are compared to

those reported in the literature. The obtained engineering properties were found to be overall within the

range reported for other peat types. The peat structure and fiber orientation seem to affect the properties.

b The time for primary consolidation for horizentally oriented samples decreases due to an increase in the
y horizontal permeability and the time of secondary compression increases due to compression mostly

S.G. Paikowsky, A.A. Elsayed, “
and P.U. Kurup (2003) B

1.1 Background

US Route 44 spans east west across southeastern Massachusetts into Rhode Island. The Massachusetts
Highway Department (MHD) is relocating Route 44 under project no. 113100, Parts of the new highway
alignment spans across ponds and cranberry bogs in the town of Carver, located about 40} miles southeast
of Boston. The proposed roadway is a four lane divided highway with a typical median width of 60 feet
Environmental concerns dictated that sheet piles need to be placed at the ponds and bogs roadway
sections, in order to excavate and replace the underlaying organic soils and construct the embankments
and roadway. The design of sheet piles supported by organic soils raises the difficulties of assigning
engineering parameters to peat. These difficulties prevail whenever other engineering altematives are
considered. The objective of the presented work is to assess the engineering properties of the peat found
along the proposed highway, and which is currently supporting the sheet piling. The investigated
properties are to be utilized in the analysis of the supporting sheet piles and compared with the wall
performance during construction as monitored by instrumentation.

1.2 Subsurface Conditions
Extensive subsurface investigation shows that the soil type and density is relatively consistent throughout

the project and the wetland areas. The soil profile consists primarily of fibrous peat within a fine to
coarse sand layer. The thickness of the Peat deposits range from 0 to 10.7 m (35 feet) and the ground

14.533 Advanced Found: PAGE 63

123



2% Iternational Conference on Advances in Soft Soil Engineering and Technology A sser2
2ed Jufy 2003, Putrajayva, MALAYSIA,
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I I l g I I I ‘ ! ‘ ! r I I I g water table is near the ground surface. Figure 1 depicts a longitudinal section for a 427m (1,400ft) long

segment of the constructed route (a portion of the project) including the pond location from which the tested
Peat samples were obtained (around station no. 150). The presented section in Figure | includes 10 borings
and numerous probes outlining the contour of the Peat layer,

Properties of
Cranberry Bog
Peat” i- |
S.G. Paikowsky, A. A. Elsayed, ] 2
and P.U. Kurup (2003) - "

Fig.1 Typical subsurface conditions in the wetland area along a section of Route 44 between stations 138
and 152.

= 5 154
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Peat is a material consisting of organic residues formed through the decomposition of plant and animal
constituents under aerobic and anaerobic conditions associated with low temperatures and geological
effects such as glacial ice. Common names for accumulation of organic soils include bog, fen, moor,

[ ]
muck, and muskeg. Cranberry is a Native American wetland fruit, which grows in places, called in
Massachusetts, a Bog. Natural bogs evolved from organic deposits accumulation in kettle holes created
by glaciers. Peat exhibits poor strength and undergoes large deformations over a long period of time. Asa
result, Peat and organic soils are characterized as being among the worst kinds of foundation material
associated with low bearing capacity, high compressibility and long-term settlement. In most cases, the

majority of the settlement in peat results from creep at a constant vertical effective stress (secondary
compression) accounting for more than 60% of the total settlement. Among geotechnical materials, peat

has the highest values of the ratio between coefficient of secondary compression-to-compression index;
Ca/C,=006% 0.1 whereas for comparison, granular materials may display the lowest values of C,/ C.=
0.02 (Mesri et. al. 1997). Due to the high water content and the plant matter structure, Peat deposits

accumulate at high initial void ratio (&) varying typically from 5 to 16 depending on the water content
Peat particles are light because of the lower specific gravity of the organic matter, resulting with a typical
natural unit weight ranging from 9.1 to 11.6 kN/m®. When the organic matter decomposes, it tums into a

’ ’ sort of glue called humus, which is strong enough to bind several smaller particles together, making them
e a into larger multi-particles, which can alter the behavior of the soil

14 Design Consideration

Often a site 15 chosen for construction irrespectively of its geotechnical suitability but for its location,
such is the case for route 44 relocation project. Due to unpredictable long-term settlement of organic
soils, construction over such soils is usually impractical without a complete replacement or some sort of
soil treatment. Many methods exist to improve sites with underlaying soft organic soils including,
surcharging techniques to expedite the consolidation process, displacement method of placing fill directly
on top of the deposit (which then by its weight, sinks and displaces the weak soil) or the use of
geosynthetic products to either bridge over limited areas or to generate more evenly distributed
settlement. For deep deposits, pile foundations may be employed to transfer loads through the organic
soils to a firm lower layer or other methods of similar principles utilizing columns of gravel or cement
by and fill layers with or without synthetic material to bridge between them, Two challenges exist in the
Route 44 project under the sheet pile construction requirement, one is the construction of the sheet pile
. itself having the peat as a reactive material, and the other is the treatment of the peat between the sheet
S G P a I kOWS ky A A E I Sayed piles. Embankments, walls, service roads and the highway are planned to be built in the area between the
" " J " " ’ sheet piles. Due to long term maintenance concerns and the cost of alternative solutions, excavation and
soil replacement were chosen for these areas. For the sheet piles themselves, no alternatives exist and
and P_ U . Ku ru p (2003) hence their construction required the development of lateral loads in the peat. This study presents
therefore experimental findings for the engineering qualities of the peat when loaded both; vertically and
horizontally

2. EXPERMENTAL PROGRAM AND BASIC PROPERTIES
21 Planned Testing and Sampling

Table 1 presents a summary of the laboratory study detailing the type and number of tests planned and
executed thus far. Issues considered included the knowledge of basic soil properties, index parameters,
strength and deformation of vertically and horizontally oriented samples as well as the effect of the
sample size on the obtained results. Due to the size of the fibers and roots in the tested peat the size of the
common soil test samples relative to the fiber size became a concern. This factor along with the need for
testing horizontally oriented samples and relatively shallow peat deposits in the bog, lead to a direct
sampling from the surface utilizing large size samplers. Two square steel tubes dimensioned 15.24 x
15.24 cm (6x6 inch) and 25.4 x 25.4 cm (10x10 inch); both 6.35 mm (0.25 inch) thick and 1.83 m (6 feet)
long, were used for sampling. The samplers were pushed into the peat from the surface at a location in
which the water was at about the ground surface. A retainer (catcher) that was constructed for the sampler
was found to be unnecessary as when pulled out, a full sample size was retained. The smaller and the
larger size samples were designated as block (1) and block (2) respectively.
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The obtained peat, termed Carver peat is classified by the different Peat classifications in the following
way, Fibrous according to the plasticity chart for peat suggested by Casagrande (1966), Fibric according
to Lynn et al. (1974) and Hemie, high ash. moderately acidic, and highly absorbent according to ASTM

u
D-4427.  The color of carver peat is dark brown to brownish-orange, it has strong odor and contains
small woody elements, The Humification degree of Carver peat is H; to H,; using Von Post's
Humification Scale, (ASTM D5715). The principal characteristics of the Carver peat are summarized in

Table 2.

3. CONSOLIDATION TESTS

Cranberry Bog =

Three vertically oriented samples and four horizontally oriented samples were tested in cedometer cells
with the details outlined in Table 3. The effective overburden pressure for the sampled peat (mid point)
was approximately 1.2 kPa with effective preconsoildation pressure of approximately 9 kPa, and a

’ ’ resulting over consolidation ratio of about 7.5, Sample preparation of peat is more difficult than that of
the typical inorganic soils due to the presence of fibers, the high initial water content and voids ratio. To
minimize sample disturbance the samples were trimmed using a very sharp razor knife, and special care

was taken in its placement. The porous stones were fully saturated before the test and filter papers were
used to margin the biodegradation and decomposition of the samples. This is necessary considering the
long period of time required for the consolidation tests in which each applied increment was sustained for
about 10,000 minutes (1 week). A thin film of Silicone grease was applied to the cell wall in order to
minimize the side friction. The consolidation tests were carmed out at approximately constant temperature

of 22 & 4°C,
Table 1. Testing program of Carver peat
No. Of Planned No. Of ,
Test Type Tests Performed Tests somments
b One test
y (Bulk Unit Weight) 2 2 for each
block
S.G. Paikowsky, A. A. Elsayed e : :
. . y, . = y 3 (Organic Content) 2 2
pH 1 ]
and P U . Ku rup (2003) (Liquid Limit), (Plastic . .
Limit) = =
Vertical Harizontal
Samples Samples
Planned Performed  Planned Performed
Different
Consolidation Test 4 3 4 4 aspect
ratios

Consolidated Undrained
Triaxial Test
Direct Shear Test 4 0 4 0
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Property Unit Block (1) Block (2) Reference
i KN/m® 10.44 10,10 ASTM D4531
" (Bulk Unit Weight) -
@ Percent  780.0-9460  750.0-816.0 ASTM D2216
(Water Content)
G, 3 S
! - 1.48 1.52 ASTM D854
(Specific Gravity)
9, Percent 60.0 770 ASTM D2974
(Organic Content)
pH - 4.50 4.50 ASTM D2976
LL o E
a 5 AT
(Liquid Limit) Percent 580.0 600.0 ASTM D4318

L
’ ’ PL Percent 375.0 400.0 ASTM D4318
(Plastic Limit)
Fibers Content Percent 40.0 520 ASTM D1997

* Rolling the sample to 4.5mm instead of 3 mm due of the presence of fibers

32 The Compression and Rebound Index

Figures 2 and 3 present the stress strain relations in the form of void ratio vs. consolidation pressure, (e-
log ©) for samples oriented vertically and horizontally, respectively, Table 3 summarizes the compression
index (C,) and the rebound index (C,) values for the different tests. The information presented in Table 3
show that for Block 1, the C, values for samples oriented in the vertical and horizontal directions are 5.2
and 4.1, respectively resulting in a horizontal to vertical compression index ratio (Cy, / C.) of 0.78. For
Block 2. the C, values for the vertical and horizontal samples are 3.9 and 2.7 respectively, resulting in a
b ratio of 0,70, Subjected to the limited number of tests, these values indicate that the sample orientation
y and the block from which the samples were obtained, affected the obtained results while the oedometer
. size and it's aspect ratio had no effect. As both peat samples were retrieved at the same location, the
S G P a I kOWS k A A E I Sa ed nhtained_mmpressinn index_values may reflect the large v_arialion in the peat or _altcmn:i\'e]_v suggest that
. . y, . = y 3 the peat in the blocks were influenced by the sampler’s size such that the peat in the small sampler was
compressed more during sampling than the peat in the large sampler, The compression index values
a n d P U Ku ru (2 0 O 3 ) found for Carver peat is compared in Figure 4 with other values presented by Mesri (1973) and Terzaghi
. . p et al. (1996). The relationship in Figure 4 suggest that the compression index of Carver peat agrees well
with the other values attributed to peat with the exception of the horizontally oriented samples having
lower compression index as discusses above. The rebound index values agree with the range reported by
Mesri et al. (1997) of C, between 0.3 to 0.9

Table 3. Oedometer test details and compression and rebound index results

Oedometer
Test €y ey . Sample Diameter
No. P Ce G Block No. O:ricnl.'j;ion’ (em) a';\spct:t
Ratio”
1 1241 837 3.40 0.47 2 Vi 11.28/2.89
2 12.00 800 4.30 0.43 2 v 11.28/2.89
4 14,00 935 5.18 0.90 1 v 11.28/2.39
5 11.54 760 2.67 0,34 2 H 11.28/2.89
6 54 770 4.03 0.34 1 11.28/2.89
7 54 772 272 0.36 2 7.00/4.40
8 54 775 4.07 1 7.00/4,40
"W, H-Vertically and Honzontally samples, respectively “ Ratio of original sample height to diameter
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3 Time — Settlement Relationship

The formulation of the consolidation process for fully saturated soils, (Terzaghi, 1923) assumes that the
soil particles and water are incompressible and deformation takes place due to expulsion of water from
the pores under the influence of hydrodynamic effects upon loading. This compression process, (lermed
primarily consolidation) assumes relationship between effective stresses to void ratio and should cease
therefore when the dissipation of the excess pore-water pressure is completed. Tn fine-grained soils the
compression continues aller the dissipation of pore water pressure 1s completed and takes place under a
constant effective siress in what 1s termed secondary compression or creep. Due to the high permeability
of peat, the primary consolidation is relatively short but the secondary compression takes place over a
lengthy period of time and hence is of great significance. The secondary compression has been attributed
to the plastic deformation of the highly viscous adsorbed double layer and continuous adjustment and
arrangement of soil constituents after they have been distributed during the primary consolidation,
(Dhowian, 1978). Accordingly, the primary consolidation method of settlement analysis developed by
Terzaghi seems to be inappropriate to address the secondary compression. Many investigators have
assumed and used different relationships and models to describe the secondary compression. Gibson and
Lo (1961) wdentified three types of secondary compression curves relating to the relationship between
settlement and time on a logarithm scale; fype I shows a gradual decrease m the rate of secondary
compression until ultimate settlement is finally reached; fype 2 exhibits a proportional relationship
between secondary compression and logarithm of time for a significantly long period of time before
reaching the final settlement, and fype 3 shows a proportional relationship to a certain point at which an
acceleration of the rate of secondary compression takes place, believed to be the result of bond breakage
of between particles. The compression-log time curve of type 3 materials consists of four components of
strain; instantaneous strain which takes place immediately after load application, primary strain which
lasts in most cases for several minutes, secondary strain which has a constant rate with log time and lasts
for a considerable peniod of time and tertiary strain which s a higher rate secondary stramn. This
phenomenon is believed Lo be due to the breakage of bonds between particles and a curved transition zone
usually exists from the secondary to the tertiary zones.
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Fig. 2. Void ratio versus consolidation pressure for samples oriented vertically
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including the current study {based on Meari, 1973 and Terzaghi et al. 1996).

Secondary and Tertiary Compression

Obtained relations and the related parameters

Figures 5 and 6 describe some of the relationships between the void ratio and time for the vertically
oriented samples under different loads. The obtained relations show that Carver peat behavior is in
agreement with the aforementioned type 3 curves, exhibiting an accelerated rate of secondary
compression. Dhowian and Edil (1980) and Mesri and Choi (1985) suggested that secondary compression
begins after the primary compression ends; these hypothesis was adopted in this research study finding
the related parameters in the following way:

(0]

(i)
(iii)

ty - the time at the end of primary consolidation, (EOP) employing Taylor's square root
method (Taylor, 1942).
g~ the coeflicient of secondary compression, defining the tangentional slope (8. 6,).

the designated time for the end of secondary compression and the beginning of the

tertiary compression, defined by the interception of the tangents to the curves in the
secondary and tertiary zones.
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‘ ‘ ] ]
I I l I I l e e r I I l (iv) Cy. -the coefficient of tertiary compression, defining the tangentional slope after the
transitional zone between the secondary and the tertiary compression, (Edil and Dhowian

1979; Dhowian and Edil 1980).
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Fig. 6. Typical settlement vs. time relationship (e - log t) for the vertically oriented samples
under similar stress levels

The time for secondary and tertiary compression

Figures 7a.b present the time in which the primary compression is completed and the secondary
compression starts, (t,) versus the consolidation pressure for vertically and horizontally oriented samples,
respectively. In all cases, the primary consolidation takes place within 3 minutes, and for the horizontally
oriented samples, the time is about one half of the time required to complete the primary consclidation in
the vertically oriented samples. Figures 8ab present the time in which the secondary compression is
completed and the tertiary compression starts, (1) versus the consolidation pressure for vertically and
horizontally oriented samples, respectively. The time of the secondary compression is measured in
hundreds to thousands minutes with distinctive peak(s) at particular stress levels. Overall, the tme
required for secondary compression is longer in the horizontally oriented samples compared with the time
required for the vertically oriented samples under the same consolidation pressure.

It seems that the behavior observed in figures 7 and 8 is associated with the structure of the peat and it’s
deposition process, having the majority of the fibers oriented horizontally. Such structure results with

permeability in the horizontal direction being higher than in the vertical direction, and hence the time for
the primary consolidation being shorter. In contrast, the structure in the vertical direction is more easily
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compressed (fibers in parallel) than in the horizontal direction, resulting with a shorter time for a
secondary compression in the vertically oriented samples.
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Coeflicients of secondary and tertiary compression of vertically oriented samples

Figures 9 and 10 present the values of the coefficient of the secondary compression (C,) and tertiary
compression (Cy) versus the consolidation pressure for test no.4, respectively. Beyond a pressure of about
1 kPa, approximately a linear increase exists between the stress and the value of the coefficient of
seco” “ary compression, (on a log stress axis). Variations of the values of the coefficient of tertiary
com :ssion exist with the increase of the consolidation stresses. Figures 11 and 12 present the values of
the coefficient of the secondary compression (C,) and tertiary compression (Cy) versus the consolidation

14.533 Advanced Foundation Eng pressure in the range of 10 to 100 kPa, respectively. The data in Figure 11 suggests that the values of C,
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are about (0.15 £ 0.08). The data in figure 12 suggests a decrease in the coefficient of tertiary
compression with the increase of the consolidation pressure. Dhowian (1978) describes similar trends for
Portage peat. The secondary compression of six consolidation tests resulted with an average coefficient
of secondary compression C, = 0.15 (30 data points). The coefficient of tertiary compression reported by
Dhowian decreased with the increase of the consolidation pressure from approximately 0.48 for 20 kPa to
0.38 for 60 kPa.
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Coefficients of secondary and tertiary compression of horizontally oriented samples

Figures 13 and 14 present the values of the coefficient of secondary compression (Cg) and tertiary

compression (Cy) versus the consolidation pressure for the consolidation tests of the horizontally oriented,

samples, respectively. The coefficient of secondary compression show an approximate constant value of

0.02 to the pressure of 5.0 KN/m” from which a linear increase is observed up to a pressure of about 100

kPa beyond which the data is scattered. The coefficient of secondary compression C, has the average

- value of (0.03) within the consolidation pressure range of 0.10 to 10.0 kPa and a range of values between

P e 0.05 to 0.15 for the stress levels of 10 to 100 kPa. These values are about two third of the values observed
for the vertically loaded samples under the same pressure range (Fig. 11). Mesri (1973) reported on

14.533 Advanced Foundation Engin conflicting relationships that have been proposed regarding the coefficient of secondary compression.
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Newland and Allely (1960) indicate C,, independent of consolidation pressure. Wahls, (1962) indicates C,
decreases with pressure. Ladd and Preston, (1965) indicate C, increases slightly with consolidation
pressure. In this paper, C, may be assumed to be constant within some levels of stresses, but generally C,
increases with consolidation pressure for both horizontally and vertically oriented samples

The data in figure 14 suggests a gradual consistent increase in the coefficient of tertiary compression with
the increase of the consolidation pressure, This trend is opposite to that observed for the vertically loaded
samples (Fig. 12).

As tertiary compression is an accelerated rate of the secondary compression, a ratio between the two may
be both feasible and practical. Figure 15 presents this ratio (C/C,) for all the tests. While the
horizontally oriented samples show a larger scatter (open symbols) the ratio remaimns limited n magmtude
for most consolidation pressures, resulting in C/C, = 3.4 £ 1.8 (= 18D, 22 points) for the consolidation
pressures between 10 to 100 kPa.
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Fig. 15. The ratio between the tertiary and secondary compression indices (C)/C.,,) versus
consolidation pressure for vertically and honizontally oriented samples.

3.5 The Relationship between The Primary And The Secondary Compression Indices (C,/ C,)

Mesri and Godlewski, (1977) suggested that for natural soils. there seems to be a unique relationship
between C, and C, that holds good at any effective pressure, void ratio, and time during secondary
compression. Fox etal. (1992), reported that the ratio C/ C, is not constant because C, increases with
time under constant effective stress. Very often tertiary compression is also seen following secondary
compression. Figure 16 shows the variation of the ratio C/ C, with the consolidation pressure for test 4. It
can be seen that the ratio C,/ C, ranges from 0.0026 to 0.058 and is not constant. Table 4 summarizes the
range of values for the ratio C,/ C, found in the different tests, referring to all stresses tested and to a
range between 10 to 100kPa. When referring to a limited range of stresses (mostly beyond 10 kPa) the
ratio of C,/ C, seem to remain in a relatively small range for all practical proposes. This range did not
defer much between the vertically and the horizontally oriented samples.
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0.1 1 10 100 1000

Consolidation Pressure(o) kPa

Fig. 16. Values of C ,/C _ versus consolidation pressure
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Table 4. Values of C/ C. for the various tests

Test No. C1E, CalC.
10 <g < 100kPa
1 0.026-0.038 0.026-0.038
2 0.028-0.047 0.028-0.047
4 0.0026-0.058 0.030-0.044
5 0.0075-0.086 0.019-0.041
6 0.0020-0.035 0.020-0.035
7 0.0074-0.055 0.029-0.047
8 0.0034-0.037 0.012-0.032

4. CONSOLIDATED UNDRAINED TRIAXIAL TESTS

Isotropically consolidated undrained triaxial compression tests were performed on samples obtained from
a depth of 1.80 m. The undisturbed triaxial specimens were approximately 7.0 cm in diameter, and 15.25
cm in height with an aspect ratio of 2.17. The specimens were taken from larger block samples and
carefully trimmed to size using a razor knife. The porous stones were fully deaired and saturated with
water. The drainage lines were flushed with water to eliminate air bubbles. Full saturation of the samples
are essential in order obtain reliable pore pressure readings. The soft peat samples obtained from the field
were essentially saturated. However the triaxial specimens enclosed in the membrane were flushed with
deaired water under a low hydraulic gradient to remove any trapped air bubbles. The saturated samples
yielded B values higher than 0.998.

Deviator stress versus axial strain for triaxial tests performed on vertically oriented peat samples are
shown in Figure 17a. Results of excess pore-water pressure versus axial strain are shown in Figure 17b.
The tests were performed at four different confining pressures (0.1 psi, 5 psi 10 psi and 20 psi).
Apparently, the higher the consolidation stress the higher the strength. The following effective stress
shear strength parameters were obtained from the Mohr Coulomb failure envelope presented in Figure 18:

¢ =12°, ¢ =12 kN/m®. These preliminary triaxial test results differ from those reported by Edil and
Wang (2000}, that suggest higher [riction angles and negligible cohesion for normally consolidated peats.
Future testing of Carver peat will further address this issue.

Axial Strain

Fig. 17. (a) Axial strain versus deviator stress for the peat samples

137



“Engineering
Properties of

S.G. Paikowsky, A. A. Elsayed,
and P.U. Kurup (2003)

7

UMASS

ILOWELL

2" Intermational Conference on Advances in Soft Soil Engineering and Technology (A sset2
2-4 July 2003, Putrajaya, MALAYSIA

. [+] . llll . [)I)
] i :
‘‘‘‘‘‘ " Sl
== : :
E . : i i
g T ; : | :
B : : ! :
[ ] I 1
- 1 ] 1 1 F
= Tl T o r = = & == i [FEASE=A= = 20
I 1
2= q i i
R H H H
o L l L I L ' L I L o
Fig. 17. (b) Excess pore pressure versus axial strain
Mormal Stress (kPa)
0 20 40 60 80 100 120 140 160 180 200
ot t o Lo b by Jo b byl
T 1 T T 1 LI
- Confining Stress | I | \ _lf60 g
2 - 0.10 psi | I I _d==T [ o 2
» 5.0 psi I | =m0 I o =
S | 00psi | L_-""1 3T ¥ @
& o wopsi LTS \ O S
@ | _ =T t= N I I .
= -1 "”— \( (i \\ | | | | __?0 o
W T I \ | | — 10 @
i ] i1 Ll ! | u
0 0
L L DL L DL L
0 5 10 13 20 25 30

Normal Stress {psi)

Fig. 18, Shear strength parameters from triaxial tests on vertically oriented peat specimens

5. SUMMARY AND CONCLUSIONS

Peat samples from Carver, Massachusetts, were tested to characterize their engineering properties. Carver
peat is fibrous; over consohidated and was tested on vertically and horizontally oriented samples.
Conventional long duration ocedometer tests showed that primary consolidation was very rapid,
(especially for the horizontally oriented samples) and creep effect counted for the majority of the
compression. The different long-term behavior curve related to the heterogeneity of the peat, the different
fibrous content and the orientation of the loading relative to the orientation of the peat deposition

The compression index for the vertically oriented samples was between 3.4 to 5.2, These values are
within the range observed for other vertically loaded peat types at similar natural water contents. The
compression index for the horizontally oriented samples was lower, at the approximate ratio of Cy/ Cop =
0.75.

The time for primary consolidation for horizontally oriented samples is shorter compared to that in the
vertically oriented samples. The time of secondary compression is longer in the horizontally oriented

14 533 Advanced FOU ndation Engin‘ samples (while scattered was overall sigmficantly longer) than that in the vertically oriented samples
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under the same consolidation stresses. These observations seem to be explained through the peat structure
and fiber orientation such that the permeability increases along the fibers and the compressibility
increases normal to the fibers” onentation. Further research 1s required and will be carried out to examine
these observations.

The coefficient of secondary compression (C,) increases with the consolidation pressure once exceeding a
threshold stress level between the overburden pressure and the precompression pressure. A coefficient of
secondary compression of C, = 0.15 was found for the consolidation pressure in the range of 10 to 100
kPa. The coefficient of tertiary compression (Cy) decreased with the increase of the consolidation pressure
for the vertically oriented samples and increased for the horizontally oriented samples. The trends and
absolute values of the vertically oriented samples matched those reported in the literature for other peat
types.

The ratio between the primary and secondary compression indices C,/ C, 1s not constant as C, varies with
the consolidation pressure. This ratio seems to remain, however, within a relatively limited range of 0.03
+ 0.01 for stresses between 10 to 100 kPa, regardless of the orientation of the sample. The ratio between
the tertiary to the secondary compression indices (C,/C.) was found to be within the range of 3.4 £ 1.8 for
both; vertically and horizontally oriented samples within a limited zone of consolidation pressure between
10 to 100 kPa.

Isotropically consolidated undrained triaxial compression tests were performed on Carver peat, showing
that the peat has apparent cohesion of 12.0 kKIN/m* at 45 % [ibers content, undrained angle of friction of 8°,
and a drained angle of friction of 12° These initial tests were performed without backpressure; future
planned tests will be performed using backpressure, and the results will be closely compared to those
available for other peat types.
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Consolidation Settlement -
Long Term Settlement

5. Secondary Consolidation (Compression) Settlement
(cont’'d.)

Example

Excavation and replacement of the organic soils was carried out between
the sheet piles in Rt. 44 relocation project. Due to various reasons, a
monitoring program has detected a remnant peat layer, 4ft thick as shown
in the figure. Using the expected loads due to the fill and the MSE
(Mechanically Stabilized Earth) Walls, estimate the settlement of the peat:

(a) During primary consolidation, and
(b) During secondary consolidation over a 30 year period.

71
K E 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Consolidation Settlement -
Long Term Settlement

5. Secondary Consolidation (Compression) Settlement (cont’d.)

Example (cont’'d.)

Elevation (ft) Highway
123 top of wall
v; = 120pcf
fill elevation
original ground surface
; groundwater
T Vet = 122pcf fill
peat layer y,,; = 65pcf (10.2kN/m3) peat

Peat Parameters:
Based on Table 2 of the paper, v, = 10.2kN/m3 = 65pcf
Based on Tables 3 and 4 for vertically loaded samples,
ep~13 C,=43 C,~068 C/C,~0.036 —» C_,~0.15
(see Figure 11)

71
K E 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Consolidation Settlement -
Long Term Settlement

5. Secondary Consolidation (Compression) Settlement (cont’d.)

Example (cont’'d.)

Assuming a 2-D problem and a peat cross-section before the excavation,
o'y, = (110-107) x 65 + (107-98)(65-62.4) = 218.4psf

Ac’, = (123-114) x 120 + (114-107) x 120 + (107-100)(122-62.4) + (100-98) x (65-62.4)

= 2342 .4psf
o _ G, (9f\, _ 43 (2342.4+218.4 £~ (0.307)(1.07)4
T 1te 9\o,) " "11+13"% 218.4 — |

= 1.31ft = 15.75inch

C, t
Se) = 11 g, 109 :, Hy

71
K E 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Consolidation Settlement -
Long Term Settlement

5. Secondary Consolidation (Compression) Settlement (cont’d.)

Example (cont’'d.)

Evaluation of t, — end of primary consolidation

From the consolidation test result,

t, ~ 2min (Figure 7a, and section 3.4.2 of the paper)

_ Tderz

t
Cy

As C, and T, are the same for the sample and the field material:

2 2
tp rieta _ Har fieta” (Hdr field)

tp tab Hayr lab2 Har 1ab
Hyr 1ap = 2-89/2 = 1.45inch Hyr fieig = 2ft = 24 inch (see table 3)

t, fiels = 2Min x (24/1.45)2 = 548min = 9.1hours

0.15 (30)(365)(24)
? ( 9.1

c
- 1+13

7k L

uﬁassé 14.533 Advanced Foundation Engineering — Samuel Paikowsky e

)4 = (0.011)(4.46)4 = 0.20ft = 2.3inch
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Consolidation Settlement -
Long Term Settlement

5. Secondary Consolidation (Compression) Settlement
(cont’'d.)

Conclusions:

1. A relatively thin layer of peat, 4ft thick, will undergo a settlement
of 18 inches, 38%, of its thickness.

2. Most of the settlement will occur within a very short period of
time, theoretically within 9 hours, practically within a few weeks.

3. The secondary settlement, which is significant, will continue over
a 30-year period and may become a continuous source of
problem for the road maintenance.

71
K E 14.533 Advanced Foundation Engineering — Samuel Paikowsky
UMASS™
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Additional Topics

1. Allowable Bearing Pressure in Sand Based on Settlement
Consideration (Section 5.13, pp. 263-267)
» Using an empirical correlation between N SPT and allowable bearing

pressure which is associated with a standard maximum settlement of 1
inch and a maximum differential settlement of 4 inch.

» Relevant Equations (modified based on the above)

S| Units
Gnet = 19.16 X N X F; X (;:4) B<1.22m (eq. 5.63)
[kPa]

2
Gnec = 1198 X N x Fg x (55) x ((2=2) B>1.22m  (eq. 5.63)

Onet (A4-YDy) is the allowable stress, N = N corrected
depth factor

_141 I
Fg=1+7 5 =133
S, = tolerable settlement in mm

UMASS™

14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Additional Topics

1. Allowable Bearing Pressure in Sand Based on Settlement
Consideration (cont'd.)

English Units

» The same equations in English units:
Grot = (ZN—S) X Fy;xS, B<A4ft (eq.5.59)

Qe [KiPS/ftZ] S, [inches]

2
Grot = %(?) X Fy X S, B > 4ft (eq. 5.60)

71
K E 14.533 Advanced Foundation Engineering — Samuel Paikowsky
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Additional Topics

1. Allowable Bearing Pressure in Sand Based on Settlement
Consideration (cont'd.)

The following figure is based on equations 5.59 and 5.60: .

0, OVer the depth factor vs. foundation width for different 10 <
Ny = 30
Ncorrected SPT. ; \\
2 £
§ 6 __20___
e 35|

q

4

2 55—

Find B to satisfy a given Q.4 following the procedure below: ol
Correct NSPT with depth for approximately 2-3B below the base of theB<ft>
foundation (use approximated B).

Choose a representative N_, oceq Value

Assume B — Calculate F; — Calculate q,,; using B&N or find from the above
ﬁgure qnet/(Fd X Se)

Use iterations:

Aw
( = 14.533 Advanced Foundation Engineering — Samuel Paikowsky
UMASS™

12 16

151



Additional Topics

1. Allowable Bearing Pressure in Sand Based on Settlement
Consideration (cont'd.)

Find B to satisfy a given Q, .4 following the procedure below:

1. Correct NSPT with depth for approximately 2-3B below the base of the
foundation (use approximated B).

2. Choose a representative N, oqeq Value

3. Assume B — Calculate F; — Calculate q,,.; using B&N or find from the
above figure q,./(Fq4XxS,)

4. Use iterations: —»Calculate Q= Qe % B2

?
Calculated

A

No

~

Required

%E Use B « Yes
K = 14.533 Advanced Foundation Engineering — Samuel Paikowsky
UMASS™
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Y EXAMPLE 4.9

u L] A shallow square foundation for a column is to be constructed. It must carry a net
A vertical load of 1000 kN. The foundation soil is sand. The standard penetration
numbers obtained from field exploration are given in Figure 4.34. Assume that the

depth of the foundation will be 1.5 m and the tolerable settlement is 25.4 mm.
Determine the size of the foundation.

u
I O p I C S Solution The field standard penetration numbers need to be corrected by using

the Liao and Whitman relationship (Table 2.4). This is done in the following table:

Depth  Field value !

(m) (kN/m?) Corrected N,
2 3 314 7
4 T 62.8 9
6 o, 942 12
8 12 1256 11

10 16 157.0 13

12 13 188.4 9

14 12 206.4 8

16 14 224.36 9

18 18 242.34 1

* Rounded off

From the table, it appears that a corrected average Ny, value of about 10 would’
be appropriate. Using Eq. (4.53)

B 3288+ 1\ .. ( S,
Goarah) = 11'98Nwr( 3988 ) Fy (ﬁ)

Allowable S, = 25.4 mm and N, = 10, so

2
Grevan = 119.8 (3'288 = 1) Fy

3.28B

0 5 10 15 20 Field standard

0 T T T — penetration
- number, Np
4 -
o+
sk y = 157 kN/m?
Ground water
10+~ table
12f---= Yoo
W Yoy = 188 KN/m®
16
18
B r
( @ Depth (m)
=
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A d d I t I O n a.I The following table cAn now?evprepared for trial calculations:
TOplCS - l ﬂoéuwm

qs e & (Be v

Because @, required is 1000 kN, B will be approximately equal to 2.4 m. A

Ao colomn Loed < L&&J- gxA

(3 colimn = /&J'OIJV»“ /1§72 % /5% 2.v= Jos0 +!2C= 1£4
) AV

—

(1
-

0 Field standard ‘ =Z2.5m

0 penetration  —

2 number, Ng ©

: i e i s e B

; I S

y =157 KN/m? v i
8 28
10 T

= 188 kN/m?

mE f Depth (m)
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