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1-1. Purpose. This manual presents guidance for
selecting and designing foundations and associated
teatures tor buxldmgs retammg structures and ma-

mteractlon between th
medium (soil and/or rock).
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(2) Summaries of physical and engineering prop-
erties of soil and rock.

(3) General descriptions of field and laboratory in-
vestigations useful for foundation selection and de-
sign.

(4) Design procedures for construction aspects,
such as excavated slopes and shoring.

(5) Empirical design equations and simplified
methods of analysis, including design charts, soil prop-
erty-index correlations, and tabulated data.

(6) Selected design examples to illustrate use of
the analytical methods.

b. Since the user is assumed to have some fa-
mlharlty with geotecnmcal englneermg, design equa-
mum ~F

it o ming

of dewatering and grol ndw iter cont Q lle founda-
tions, and foundations
in greater depth in separate technical manuals and are

only treated briefly in this manual.

- - oul o_ a0 ___ _@# o_____ _8__a2% _ _ __ 2 el o
1-J. UDjecrives OT Tounaarion invesriga-
tions. The objectives of foundation investigations
are to determme the s mhgraphy and nature of sub-

structure loadmgs and to permlt savings in design and
construction costs. The investigation is expected to re-
veal adverse subsurface conditions that could lead to
construction difficulties, excessive maintenance, or

e LY Lo Yecin AL 2l ndbrerrndrzma ThAa anArna A 1MmEra 1
possible failure of the structure. The scope of investi-
gations depends on the nature and complexity of sub-

surface materials and the size, requirements for, and
cost of the structure.

1-4. Report of subsurface and design in-
vestigations. The report should contain sufficient
description of field and laboratory investigation, sub-
surface conditions, typical test data, basic assump-
tions, and analytlcal procedures to permit detaiied re-
PR, 2 £

P __ Ph e PR e
view of the conclusions, recommendations, and fin
design. The arnount and type of information to be pre-
qpnfnd shall be consistent with the scope Qf the investi-

datlon condltlons may be adequate. For major struc-
tures, the following outline shall be used as a guide:

a. A general description of the site, indicating prin-
cipal topographic features in the vicinity. A plan map
that shows the surface contours, the location of the
proposed structure, and the location of all borings
should be included.

b A description of the general and local geology of

S RO |

the site, 1nclualng the results of the geomglcal studie

c. The results of field investigations, 1ncludmg
grapmc logs of 'i foundatlon and borrow oormgs lo-

rmation shall be presented in ac
cordance with Government standards. The boring logs
should indicate how the borings were made, type of
sampler used, split-spoon penetration resistance, and

other field measurement data.

B
O
.,

d. Groundwater conditions, including data on sea-
sonal variations in groundwater level and resuits of
field pumping tests, if performed.

e. A general description of laboratory tests per-
formed, range of test values, and detailed test data on

: R [ Add .l .o S e c chkAs ~
representative samples. Atterberg limits should be
plotted on a plasticity chart, and typical grain-size

curves on a grain-size dis tributron plot. Laboratory
test data should be summarized in tables and figures
as appropriate. If laboratory tests were not performed,
the basis for determining soil or rock properties should
be presented, such as correlations or reference to perti-
nent publications.

f A generahzed geologlc proflle used for des1gn,

PR DURSRSRRY Ja IR DU | I (SRR Anidinn watis
values of shear str engtu for each critical stratum. The
profile may be described or shown graphically



g Where alternative foundation designs are pre-
pared, types of foundations considered, together with
evaluation and cost data for each.

h. A table or sketch showing the final size and depth
of footings or mats and lengths and types of piles, if
used.

i. Basic assumptions for loadings and the computed
factors of safety for bearing-capacity calculations, as
outlined in chapter 6.

J. Basic assumptions, loadings, and results of settle-

ment analyses, as outlined in chapters 5, 6, and 10;

also, estimated swelling of subgrade soils. The effects

of computed differential settlements, and also the ef-

fects of swell, on the structure should be discussed.
k. Basic assumptions and results of other analyses.

l. An estimate of dewatering requirements, if neces-
sary. The maximum anticipated pumping rate and
flow per foot of drawdown should be presented.

m. Special precautions and recommendations for
construction. Possible sources for fill and backfill
should also be given. Compaction requirements should
be described.
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CHAPTER 2

IDENTIFICATION AND CLASSIFICATION OF SOIL AND ROCK

2-1. Natural soil deposits.

a. The character of natural soil deposits is influ-
enced primarily by parent material and climate. The
parent material is generally rock but may include par-
tially indurated materials intermediate between soil
and rock. Soils are the results of weathering, mechani-
cal disintegration, and chemical decomposition of the
parent material. The products of weathering may have
the same composition as the parent material, or they
may be new minerals that have resulted from the ac-
tion of water, carbon dioxide, and organic acids with
minerals comprising the parent material.

b. The products of weathering that remain in place
are termed residual soils. In relatively flat regions,
large and deep deposits of residual soils may accumu-
late; however, in most cases gravity and erosion by ice,
wind, and water move these soils to form new deposits,
termed transported soils. During transportation,
weathered material may be mixed with others of dif-
ferent origin. They may be ground up or decomposed
still further and are usually sorted according to grain
size before finally being deposited. The newly formed
soil deposit may be again subject to weathering, espe-
cially when the soil particles find themselves in a com-
pletely different environment from that in which they
were formed. In humid and tropical climates, weather-
ing may significantly affect the character of the soil to
great depths, while in temperate climates it produces a
soil profile that primarily affects the character of sur-
face soils.

c. The character of natural soil deposits usually is
complex. A simplified classification of natural soil de-
posits based on methods of deposition is given in table
2-1, together with pertinent engineering characteris-
tics of each type. More complete descriptions of natu-
ral soil deposits are given in geology textbooks. The
highly generalized map in figure 2-1 shows the dis-
tribution of the more important natural soil deposits
in the United States.

2-2. Identification of soils.

a. It is essential to identify accurately materials
comprising foundation strata. Soils are identified by
visual examination and by means of their index prop-
erties (grain-size distribution, Atterberg limits, water
content, specific gravity, and void ratio). A description
based on visual examination should include color, odor

when present, size and shape of grains, gradation, and
density and consistency characteristics. Coarse-
grained soils have more than 50 percent by weight re-
tained on the No. 200 sieve and are described pri-
marily on the basis of grain size and density. With re-
gard to grain-size distribution, these soils should be de-
scribed as uniform, or well-graded; and, if in their nat-
ural state, as loose, medium, or dense. The shape of the
grains and the presence of foreign materials, such as
mica or organic matter, should be noted.

b. Fine-grained soils have more than 50 percent by
weight finer than the No. 200 sieve. Descriptions of
these soils should state the color, texture, stratifica-
tion, and odor, and whether the soils are soft, firm, or
stiff, intact or fissured. The visual examination should
be accompanied by estimated or laboratory-deter-
mined index properties. A summary of expedient tests
for identifying fine-grained soils is given in table 2-2.
The important index properties are summarized in the
following paragraphs. Laboratory tests for determin-
ing index properties should be made in accordance
with standard procedures.

2-3. Index properties.

a. Grain-size distribution. The grain-size distribu-
tion of soils is determined by means of sieves and/or a
hydrometer analysis, and the results are expressed in
the form of a cumulative semilog plot of percentage
finer versus grain diameter. Typical grain-size dis-
tribution curves are shown in figure 2-2. The knowl-
edge of particle-size distribution is of particular impor-
tance when coarse-grained soils are involved. Useful
values are the effective size, which is defined as the
grain diameter corresponding to the 10 percent finer
ordinate on the grain-size curve; the coefficient of uni-
formity, which is defined as the ratio of the D, size to
the D,, size (fig 2-2); the coefficient of curvature,
which is defined as the ratio of the square of the D,,
size to the product of the D,, and Ds, sizes (table 2-3);
and the 15 and 85 percent sizes, which are used in
filter design.

b. Atterberg limits. The Atterberg limits indicate
the range of water content over which a cohesive soil
behaves plastically. The upper limit of this range is
known as the liquid limit (LL); the lower, as the plastic
limit (PL). The LL is the water content at which a soil
will just begin to flow when slightly jarred in a pre-

2-1



Table 2-1. A Simplified Classification of Natural Soil Deposits

chemicel decay feldspar and cther rocx =

Major Divisions Principal Soil Type Pertinent Engineering Characteristics
“ Material formed by Residual sands and rock fragments of various sizes formed Generally favorable foundation
oot distintegration of by solution and leaching of cementing material, leaving conditions.
Sl= underlying parent the more resistant particles; commonly quartz
I rock or partially
3| & indurated materials Residual clay, extremely finely divided clay material formed Variable properties requiring investi-
Bis in place by the weathering of rock, derived either by the gation to determine depth and conditon
< chemics]l decay of feldspsr snd other rock sinersls or by of weathering.
3

the removal of nonclay-mineral constituents by solution
from a clay-bearing rock.

.| Accumulations of Peat. A somewhat fibrous aggregate of decayed and decaying Very compressible. Entirely unsuitable
5 highly organic mate-  vegetable matter having a dark color and odor of decay for supporting building foundations
% rial formed in place
S by the growth and Muck. Finely divided, well-decomposed organic material
subsequent decay of “intermixed with a hxgh percentage (20-50%) of mineral
piant iife matter
Floodplaia depo! Uac idated soils deposited by a
stream within thl portion of its valley subject to in-
undation by floodwater
Natural levees. Long, broad, low ridges of sand, silt, or Generaily favorable foundation
silty clay deposited by a stream on its floodplain and conditions.
along both banks of its channel during overbank flow.
Point bar. Alternating deposits of arcuate ridges and Generally favorable foundation condi-
les (lows) formed on the inside or convex bank of tions; however, detailed investigs-
migrating river bends. Ridge deposits consist primarily tions are necessary to locate discon-
of silt and sand, swales are clay-filled tinuities. Flow slides mway be »

problems along riverbanks.

Channel fill. Deposits laid down in abandoned meander loops Fine-grained soils are ususlly compress-

isolated when rivers shorten their courses. Composed pri- ible. Portions may be very heteroge-
- marily of clay; however, silty and sandy soils are found neous. Silty soils generally present
> at the upstream and downstream ends favorable foundation conditions
< Backswamp. The prolonged accumulstion of floodwster sedi- Relatively uniform in a horizontal direc-
ments in flood basins behind the natural levees of a tion. Clays are usually subjected to
river. Materials are generally clays but tend to become seasonal volume changes
more silty near riverbank
- Fan Deposits. Alluvial deposits at foot of hills or moun- Generally favorable foundation
- tains. Extensive plains or alluvial fans conditions
o
2]
- Deltaic deposits. Deposits formed at the mouths of rivers Generally fine-grained and compressible.
M which result in extension of the shoreline Many local varistions in soil condition
H
&| 4| Material deposited Lucuurme deposits. Material deposited within lakes (other Usually very uniform in horizontal direc-
HIE in & lake i those ociated with glaciation) by waves, curremis, tion. Fine-grained soils generally
ey and and organo-chemical processes. Deposits consist of compressible
H unstratified organic clay or clay in central portions of
a the lake and typically grade to stratified silts and sands
in peripheral zones
§ Material deposited in Estuarine deposits. Fine-grained sediment (usually silt Generally compressible. Many locsl
M an estuary and clay) of marine and fluvial origin mixed with decom- varations
g posed organic matter laid down in brackish water of an
a estuary
Material transported Loess. An unstratified calcarous deposit consisting pre- Relatively uniform deposits character-
and deposited by dominantly of silt with subordinate grain sizes ranging ized by ability to stand in vertical
< wind from sand to clay. Often contains fossils and is tran- cuts. Collapsible structure. Deep
- versed by a network of small, narrow, vertical tubes westheriag or saturation can sodify
- frequently filled with calcium carbonate coaceptions characteristics
& formed by root fibers now decayed.
Dune sands. Mounds, ridges, and hills of uniform fine sand Very iniform graio- ®ay exist in
relatively losse
relatively locse
Material transported Glacial till. An accumulation of debris, deposited beneath, Consists of material of all sizes in
and deposited by at the side (lateral moraines), or at the lower limit of various proportions from boulders and
glaciers, or by a glacier (terminal moraine). Material lowered to ground gravel to clay. Deposits are unstrati-
melt water from the surface in an irregular sheet by a melting glacier is fied. Generally present favorable
glacier known as a ground moraine foundation conditions; but, rapid
changws in conditions are coemon
S Glacio-Fluvial deposits. Coarseé and fine-grained material Hany local variations. Generally pre-
- deposited by streams of melt water from glaciers. Mate- sent favorable foundation conditions
3 rial deposited on ground surface beyond tersinal of
glacier 1s known as an outwash plain. Gravel ridges
known as kames and eskers

Glacio-Lacuetrine deposits. Material deposited within lakes Very uniform in a horizontal direction
by melt water from glaciers. Consisting of clay in cen-
tral portions of lake and alternate layers of silty clay
or silt and clay (varved clay} in peripheral zones

(Continued)
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Table 2-1. A Simplified Classification of Natural Soil Deposits—Continued

Major Divisions

Principal Soil Type

7ﬁjﬁe£g£\enl Engineering Characteristics

|

U. S. Army Corps of Engineers

scribed manner. The PL is the water content at which
the soil will just begin to crumble when rolled into
threads 1/8 inch in diameter. Fat clays tnat have a

izl Ancmdan TSNP PR 1 PSP P R SN P ave o kL TT

I1gI coliteilt 01 Collvlual parucies lldVl;' a lugu 1.1,
while lean clays having a low content of colloidal parti-
cles have a correspondingly low LL. A decrease in LL
and PL after either oven- or air-drying usually indi-

cates presence of organic matter. The plasticity index
(PI) is defined as the difference between the LL and
PL. The liquidity index (LI) is defined as the natural
water content w, minus the PL, divided by the Fi; i.e.,

(D
Ty
o
ia
Q
o

TT — /e TYDT Tha TT 10 o angiiva 0 a romaig
4l — (Wp — I L)b 1., 11t 1.1 15 a llicaduic v 11T LULIDLID-
tencv of the soils. Soft clavs have an LI approaching

~J NREM. AV “J” sEm T = kel o sl o
100 percent; whereas, stiff clays have an LI approach-

ing zero.

c. Activity. The activity, A, of a soil is defined as A
= PI/(% < 0.002 mm). The activity is a useful parame-
ter for correlating engineering properties of soil.

d. Natural water content. The natural water con-
tent of a soil is defined as the weight of water in the
soil expressed as a percentage of dry weight of solid
matter present in the soil. The water content is based
on the loss of water at an arbitrary drying temperature

AP 1NEO ¢4 11 NON
Ul 1VJ W 11V U,

............ e

fino, r‘ as the wei
1ne i Wel

volume of the soil and is usually exy essed in nounds
per cublc foot. Various weight-volume relationships

are presented in figure 2-3.

Material transported Shore deposits. Deposits of sands and/or gravels formed by Relatively uniform and of moderate to
° and deposited by the transporting, destructive, and sorting action of high density
€ ocean waves and cur- waves on the shoreline
4 rents in shore and
x offshore areas Harine ciays. Organic and inorganic deposits of fin- Generally very uniform in composition.
grained material Compressible and unually very sensi-
tive to remolding
"
E Material transported Talus. Deposits created by gradual umulation of un-
v and deposited by sorted rock fragments and debris ase of cliffs
T gravity i
ols Colluvial deposits. Fine colluvium comsisting of clayey Previous movements indicate possible
2|3 sand, sandy silt, or clay future difficulties. Generally un-
Zl' E stable foundation conditions
oo Landside deposits. Considerable masses of soil or rock
[ that have slipped down, more or less as units, from their
former position on steep slopes
. Material ejected from [Ejecta. Loose deposits of volcanic ash, lapilli, bombs, Typically shardlike particles of silt
-~ voicanoes and trans- cinders, etc size with larger volcanic debris,
@ ported by gravity Weathering and redeposition produce
=2 wind, and air highly plastic compressible clay
é Unusual and difficult fouandation
2 conditions

f. Specific gravity The specific gravity of the solid
constltuents ot a soil is the ratio of the unit weight of

ts natural state
its densest possible state

@
I
<
o<
e s
Q-
=
I
=
0

emn = void ratlo
Alternatively,

2-2)

|

X
p—t
=]
(=)
—

Dr(%) =

where
Yd

dry unit weight of soil in its natural
state
Yd,., = dry unit weight of soil in its loosest

|
=9
-t

3

Ydmax =

Thuc nR 100 for a very dense so1l, and R

very loose soil. Methods for determmmar €max Or COr-
responding densities have been standardized. Relative
density is significant only in the case of coarse-grained
soils,
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Figure 2-1. Distribution of natural soil deposits in the United States.
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Table 2-2. Determination of the Consistency of Clays

Unconfined
Compressive
C+vanasth ~
OLLITligtLll, \i
tsf Field Identification Consistency
Less than 0.25 Easily penetrated several inches by fist Very soft
0.25 - 0.5 Easily penetrated several inches by Soft
thumb
N & o 1N Na ha nanatratad avral inchacec hy adinm
Ved 4.V walii vco PCuCLL‘l\—CU Cigi 111 11CO vV 1AC U A
thumb with moderate effort
1.0 - 2.0 Readily indented by thumb but pene- Stiff
trated only with great effort
2.0 - 4.0 Readily indented by thumbnail Very stiff
Nyyar LN Tndantad gith A1 FF4 Tty hy thiimhnail HarAd
vvcoelL .V LUHUTIILTU Wil YiLi1LlL P S v Ciluinnviiag L s a1ai1 4
U. S. Army Corps of Engineers
L NVhsmasatomna Ml o Anncicbanns: AF am stnmAdiadiinlhad ahawn in tahla O_E wnll ho adaniiota Bar any inAdanth
2 (./U"rblrb“{ll-(“y 111€ CUIISIDWEIILY Ul dil ulluisuurveu DlIVUWIL 111 LaVlT 4~ U, Wil UT autyualc. LUl ally 1Lii~ucpuii
cohesive soil mav exnressed auantitativelv bv the geology study, proper stratigraphic classification by a
cohesive soil may be expressed quantitatively by the geology study, proper stratigraphic classification by
unconfined compressive strength g.. Qualitative ex- qualified geologist should be made to ensure that prop-

= il = =5 REe []FELLEELS =

pressions for the consistency of clays in terms of q. are
given in table 2-2. If equipment for making uncon-
fined compression tests is not available, a rough esti-
mate can be based on the simple field identification
suggested in the table; various small penetration or

lan halnfiil
1SG 1icipius.

. Soil classification. The Unified Soil Classi-
hcatlon bystem based on identification of soils ac-

h 4 L

cording to their gram size alsumumon their plasucny

characteristic nd thair oranning ...:ﬂ. ragnant +a ha
Liiarauviciioul LB auu LTIl BIVUPILLE WILL ITD AR VVIR S <
r

, should be used to classify soils in connection
w1th foundation design. Table 2-3 summarizes the
Unified Soil Classification System and also presents
field identification procedures for fine-grained soils or
soil fractions. It is generally advantageous to include
with the soil ciassification anv regional or locally ac-
cepted terminology as well as the soil name (table 2-4).

2-5. Rock classification.

a. Geological classification. The geological classifi-
cation of rock is complex, and for most engineering ap-
plications a simplified system of classification, as

er interpretation of profiles is being made. All the rock
types in table 2-5 may exist in a sound condition or
may be fissured, jointed or altered by weathering to

an extent that will affect their engmeermg behavior.
Thmmmntcmdicsn aeetd el £ 2L . 011 PR LR,
Descriptive criteria for the field classification of rock
1g eontainad in tahla 2_4
40 LUVIILVALIIVU AL VAV Ly 7.
L V) PRy ARSI o4 a L A ot Y
0. ulassiyication oy iniact roce, An e meering cias-
qifiratinn nf intant vanlk ic nantainad in tahla 9_7 Tha
Qiillduvivil Ul 11iuvAaull 1vln 10 Luliiuailicu 111 vaulc 4 4. 11iT
classification is based on the uniaxial compressive

S11 n
strength and the tangent modulus.

2-6. Rock properties for foundation de-
sign.
a The principal rock properties of concern for foun-
dation design are the structural features and shear

strength. Strength properties of rock are discussed in
rhantar 2 Qtrmiantnral foatiirac innlndoa__
\.uayu:x J. Ul uLivuldl 1Talul o aviiuuc

(1) Type 3 and patterns for rock defects (table

(2) Beddmg planes—stratlflcation and slope
(strike and dip).
(3) Foliation—a general term for a planar arrange-

2-3
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Figure 2-2. Typical grain-size distribution curves.
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Table 2-3. Unified Soil Classification System

Field Identification Procedures
Informatson Re d £ Laboratory Classificatt
Major Divisicms Srowp Typical Nemes (Excluding particles larger than 3 in. et e T o reria on
- ymools and basing fractions on estimated veights)
1 2 3 ¥ 5 6 7
T
c = 60
S 3 -1 o Well-groded gravels, gravel-sand mixtures, Wide range in grain sizes and substantial C, * g Creater than b
M vs $ Sy 1ittle or no fines. mmounts of all intermediate particle sizes. For undisturbed soils ndd information ¢ 10
= £ 3 ) on stratification, degree nf compect- 5 F o
N e 7 one neus, lon, motsture conditions, H ~ . (D)
¢ sy ue o8, sl = —Et—aezwenxmx\
H £% 3 g:i - sp | Poorly greded gravels or grevel-sand mixtures{ Predominantly one size or a range of sizes vith ancl drainage characteristice 2e3 \ (3 oy o
s wds © [33e] ’ little or no fines. some intermediste sizes missirg. - »
2 E: . § ] 2 Not meeting all gradation requirements for GW
ki a%52 K 3 5
& .
TR 5 - on | Silty sravels, gravel-sand-silt mixture. Nonplastic fines or fines with lov plasticity ®oi %:4 Atterberg limits below "A” line | Above "A” line with
& EE Eﬁ Tatios (for tdentification procedures see ML below). Blls = ‘\i or PI less than k PI between i and 7
w & " I & Give typical nam:; indicate approximate & .2 are borderline cases
L 25 s3 sRigT percentages of sand and gravel, maxi- o83 &g i; requiring use of dual
Sg 3 5 ; ity, surf nds - 3 S htterbe: mits atove A" line is.
8y SRTIE 5 | 4 | clavey sraveis, grovel-sand-clay mixtures. | Plastic fines (for identification proceduren brviiieid hnomeniic A boubmiding &1 Y EE e Rt ;,‘.,.;:,',':: S symeols
2 s e : ’ z - e -
il s §2 E31° see CL belov). | eratns; local or geologic name and 3 gf bR M
FRM 1. otler pertinent descriptive informa- < Z 883y 5
ol . 2 on: X ol A %
2% Ss Sl . o | ¥eri-greded sands, grevelly sands, little or | Vide rage in grain size and substantisl smnts tion; and symbol in parentheses LMY & c, - “2 Greater than 6
] ? §: = E 5% no fines. of all intermediate particle nizes. K} a ‘i © 10
< Se = 0
P 5 w B o 2
3 v o2 &2 .5 &5 o | w9 * . (0,)?
88 5 I 2 S| SuE w
o] W 28 ?:: o sp Poorly graded sands or gravelly sande, little| Predomirantly one size or a ranjge of sites s - :y? ne \ C. = “—3;-1,— iween 1 and 3
- H anec e or no fines. with some irtermediate sizes miesing. - sy 10 60
% £ 8 © w | & =
NE1 PR 2 Example: § |2ty 55 A Not meeting all gradation requirements for 5W
P Sgs a Silty sand, gravelly; about 20§ bard, § $Re ap* T .
2 bl - - Silty sands, sand-silt mixtures. Nonplastic fines or fines with low plasticity ar gravel particles 1/2-in. = Lo AE% Atterbirg limits below A" line Avove "A" line with
E ol 5 < s b~ (for 1dentification procedures see ML delow). mazimm size; rounded and subanguler ¢ %3 = or PI less than between L and
F-E S.8.0 sand grains, coarse to finme; sbout 15% | 3 | ¢ ¥°® are torderline cases
2 ¢5 4 Teacd nonplastic fines vith low dry strength; R requiring use of iual
£y 4z 2 asood 1 ted and woist in plece; al 3| E2: symbol
2 = ve n ; al. E .
- T [ o Clayey sands, sand-cley mixtures. Plestic fines (for identilfication procedures v ’ TR iAtterberg limits above line
g o :g - 5 8%% | = 4 see CL. below). luvial sand; (SM). H “!"gl’ vith PI grester than 7
° w5 ! 2
i 2 E H
—- H
. q Identification Procedures &
w ” on Fraction Sealler than No. 40 Steve Size N
v 2 Dry Strength Dilatancy Toughne s5 s
s (Crusii. {Reaction (Consistency
- ne
e 3 characteristics)| to shaking) near PL) H
] <
x el 60
» Inorganic silts and very fine sands, rock 5
s 7 ML flour, silty or clayey fine sands or None to slight | Quick to slow Kone For undisturbed soils sdd information 3 Comparing Soils at Equal Liquid Limit
=8 ; A clayey silts vith slight plasticity. on structure, stratification, con- - Toughness and Dry Strength Increase
F 2 LR sistency in urdisturbed and re- 5 0 with Increasing Plasticity Index —
W e © g Inorganic cluys of lov to medium plasticity, None to very molded states, moisture and drain- ¢
R 5 g :é cL gravelly clays, sandy clays, silty clays, | Medium to high iow Medium age conditions. E
a8 P G® lean clays w
o s 3w %
588
.g % § a 37 oL Organic silts and organic silty clays of lov [ Slight to Siow Siignt ‘-: g 7
o2 plasticity mediun Give typical name; indicate degree and E »
Y of plasticity; mmount and & 5 7
L3 - 1
3 £ - lnorganic silts, miceceous or dlatomaceous Slight to Slov to none Siight to :r‘::g;::';’:;":l; ";f:’m_c‘;o::l M E
3 5 =% fine sandy or silty soils, elastic silts. wediun medim or geologic mime and otbeir pertinent E » —= -
. - descriptive information; ind symbol e CL g
° © EE 10 parentheseri.
L]
o e 55 High to very B 10 ~
rl L -] Inorganic clays of bigh plasticity, fat claysi = p one tah 7 - 7
2 ——
g 2 gE Y Somm— L3
2 2 t
i 3& Orgenic clays of medius to high plasticity Fone to very Slight 1o Exasmple: o L -
e ' - ]
v ™ organic silts. Nedium to high slov edium silt, brown; slightly plastic; 10 Bl » W « € T & %0 100
£ .%E percentage of fine sand, LIQID LDAT
vertical root boles; firs
. ad dry in place; loess; (lﬂ.i. PLASTICITY CHANT
Highly Organic Sotls Pt IPest and otber highly orgenic soils. "ﬁ’jg“"::g':"ﬁ‘::::"::""""‘ freel
quent . Por laborstory classificetion of fine-grained soils

(1) Boundary clessifications:

Soils possessing characteristics of two groups are designated by combinations of @woup symbols.

Por exsmple GVIC, wall-graded gravel-sand mixture vith clay binder.

(2) ALl sieve sizes on this chart are U. S. standard.
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Table 2-4. Descriptive Soil Names Used in Local Areas (L) and Names Widely Used

Adobe

Alluvium

Argillaceous

Bentonite

(L) Boulder clay

(L) Buckshot

(L) Bull's liver

Calcareous

Caliche

(L) Coquina

Coral

Diatomaceous
earth

{L) Dirty sand

Disintegrated
granite

(L) Fat clay

Fuller's earth

(L) Gumbo

Hardpan

Lateritic soils

Lean clay

(L) Limerock

Loam

Calcareous silts and sandy-silty clays which are
usually high in colloidal clay content, found in the
semiarid regions of the southwestern United States
and North Africa.

Deposits of mud, silt, and other material commonly
found on the flat lands along the lower courses of
streams.

Soils which are predominantly clay or abounding in
clays or clay-like materials.

A clay of high plasticity formed by the decom-
position of volcanic ash; it has high swelling
characteristics.

Another name, used widely in Canada and England,
for glacial till.

Clays of the southern and southwestern United
States which, upon drying, crack into ¢mall, hard
lumps of more or less uniform size.

This is a name used in some sections of the
United States to describe an inorganic silt of
slight plasticity. When saturated, 1t quakes like
Jelly from vibration or shock.

Soils which contain an appreciable amount of
calcium carbonate, usually from limestone.

This term 1s widely used in construction to de-
scribe deposits which countain various amounts of
silt, clay, and sand cemented by calcium carbon-
ate deposited by evaporation of groundwater, as
found in France, North Africa, Texas, and other
southwestern states.

Consists essentially of marine shells which are
held together by a small amount of calcium car-
bonate to form a fairly hard rock. Coquina
shells (and oyster shells) are widely used for
granular stabilization of soils along the Gulf
Coast of the United States.

Calcareous, rock-like marerial formed by secre-
tions of corals and coralline algae.

Composed essentially of the siliceous skeletons of
diatoms (extremely small unicelled organisms). It
is composed principally of silica, is white or light
gray in color, and extremely porous.

A slightly silty or clayey sand.

Granular soil derived from advanced weathering
and disintegration of granite rock.

Fine, colloidal clay of high plasticity.

Unusually highly plastic clays of sedimentary
origin, white to brown in color. Used commercially
to absorb fats and dyes.

Peculiar, fine-grained, highly plastic silt-clay soils
which become impervious and socapy, or waxy and
sticky, when saturated.

A general term used to describe a hard, cemented
soil layer which does not soften when wet. Use of
this term should be avoided since it implies a con-
dition rather than a type of soil.

Residual soils which are found in tropic regions.
Many different soils are included in this category
and they occur in many sections of the world. They
are frequently red in color, and in their natural
state have a granular structure with low plasticity
and good drainability. When they are remolded in
the presence of water, they often become plastic
and clayey to the depth disturbed.

Silty clays and clayey silts, generally of low to
medium plasticity.

A soft, friable, compact, cream-white, high-

calcium limestone found in the southeastern United
States which consists of coral and other marine re-
mains which have been disintegrated by weathering.

A general agricultural term which is applied most
frequently to sandy-silty topsoils which contain a
trace of clay, are easily worked, and are productive
of plant life,

(L}

Loess

Marl

Micaceous
soils

Muck (mud)

Peat

Muskeg

Red dog

Rock flour

Shale

Talus

Topsoil

Tufa

Tuff

Varved clay

Volcanic ash

Silty soil of aeolian origin characterized by a
loose, porous structure, and a natural vertical
slope. It covers extensive areas in North America
{especially in the Mississippi Basin), Europe, and
Asia (especially North Central Europe, Russia,
and China).

A soft, calcareous deposit mixed with clays, silts,
and sands, often containing shells or organic re-
mains. It is common in the Gulf Coast area of the
United States.

Soil which contains a sufficient amount of mica to
give it distinctive appearance and characteristics.

The very soft, slimy silt or organic silt which is
frequently found on lake or rivwer bottoms.

A terra which is frequently applied to fibrous,
partially decayed organic matter or a soil which
contains a large proportion of such materials.
Large and small deposits of peat occur in many
areas and present many construction difficulties.
Peat is extremely loose and compressible.

Peat deposits found in northwestern Canada and
Alaska.

The residue from burned coal dumps.

A fine-grained soil, usually sedimentary, of low
plasticity and cohesion. Particles are usually in
the lower range of silt sizes. At high moisture
contents, it may become ‘' quick’’ under the action
of traffic.

A thinly laminated rock-like material resulting
from ccnsolidation of clay under extreme pressure
Some shales revert to clay cn exposure to air and
moisture.

A fan-shaped accumulation of mixed {ragments of
rock that have fallen, because of weathering, at or
near the base of a cliff or steep mountainside.

A general term applied to the top few inches of
soil deposits. Topsoils usually contain consider-
able organic matter and are productive of plant
life,

A loose, porous deposit of calcium carbonate which
usually contains organic remains.

A term applied to compacted deposits of the fine
materials ejected from volcanoes, such as more or
less cemented dust and cinders. Tuffs are more or
less stratified and in various states of consolida-
tion. They are prevalent in the Mediterranean
area.

A sedimentary deposit which consists of alternate
Lthin (1/Bin. to 1/2 in.) layers of silt and clay.

Uncemented volcanic debris, usually made up of
particles less than 4 mm in diameter. Upon
weathering, a volcanic clay of high compreassibility
is frequently formed. Some volcanic clays present
unusually difficult construction problems, as do
those in the area of Mexico City and along the
eastern shores of the island of Hawaii.

U.

S.

Army Corps of Engineers
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Table 2-5. A Simplified Classification for Rocks
Texture
Principal Very Coarse, Coarse and Fine Micro- Porous
Color Minerals Irregular Medium Crystalline crystalline Glassy (Gas Openings) Fragmental
Crystalline Crystalline
Quartz and Pegmatite Granite Rhyolite
Feldspar ﬂ oL
Light Aplite @ Pitchstone Pumice &
Feldspar, Syenite Syenite E Trachyte R
_;‘: Little or no Pegmatite = -3
H Quartz )
2 - -——
i - - "-:
=] 1 i -
3| tocermeaiate | Fplaspar snd | Diorite | el Aadesite st
5 Horablende Pegmatite Diorite s PEE
g T s u
il Augite and Gabbre ~ Scoria or £es
Feldspar Pegmatite Gabbro 2 Diabase vesicular -~ e
bagalt ETE
Basalt < § b
. =4
Augite, av
Dark Hornblende Peridotite
Olivine
Group Grain Size Composition Name
Appffcf:tfff_qffr_‘fny Rounded pebbles in medium-grained matrix Conglomerate
of grains more ol i
than 2-mm diameter Angular coarse rock fragments, often quite variable Breccia
Less than 10% of other minerals Siliceous sandstone
Appreciable g Argillaceous sandstons
143 le g Argillacecus sandstone
More than 50% of Medium
grains are 0.06-to quartz Appreciable quantity of calcite Calcareous sandstone
2.00-mm diameter grains
Appreciable guantity of irom oxide cement Ferruginous sandstone
Clastic Over 25% feldspar; less than 75% quartz Arkose
10-50% feldspar and darker minerals;
% 30 to 40% quartz Graywacke
2 More than 50% of grains
> are 0.002-to 0.06-mm Fine to very fine quartz grains with clay minerals Siltstone (if laminated, shale)
s diameter
§ Less than 10% other minerals Shale (if not laminated, claystone
S Predominantly graias Microscopic .
& less than 0.002-mm clay minerals Appreciable calcite Calcareous shale
4 Appreciable carbonaceous material Carbonaceous shale
1ameter
i i le
Calcite and fossils Fossiliferous limestone
Organic Variable Carbonaceous material Bituminous coal
Calcite Limestone
Dolomite Dolomite
Chemical Microcopic Quartz Chert, flint, etc. -
Iron compounds with quartz Iron
Halite Rock salt
Gypsum Rock gypsum
Foliation Texture
Coarse Crystalline & Banded Coarse Crystalline Medium Crystalline Fine to Microscopic Crystalline
2 { Sericite
“ z
K] ) Mica
Foliated Gneiss Schist { Talc Phyllite Slate
E Chlarite
[ Hematite, etc.
& Marble Marble ) Hornfels
= Quartzite Quartzite Anthractive Coal
g Quartz:te a Quartzite N Anthractive Ceal
b Non- Serpent mee Serpentine e Marble ‘
Foliated Soapstone Scapstone Quartzite
4 7 L4 7 N a
Serpentine z
Soapstone )
3 variable gr3in size
Variable grain size
U. S. Army Corps of Engineers
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Table 2-6. Descriptive Criteria for Rock

ek

Rock type

\_/

DAL s £
KOCK name (ueéene

a
b. Hardness
(

1) Very soft: can be deformed by hand

£9) QAfe . R T i s I e Y il STy

L<) D01 L. Cadll DE >LIdLUIICcU witll a Llllgcllldll
(3) Moderately hard: can be scratched easily with a knife
(4) Hard: can be scratched with difficulty with a knife
- Voavryv hard- rannnt ha crratrhad wit a bnifao
\J} A\ Ly maLu waliiiv e v oLvigaguuiicu WA Lwil a niijaiLe

c. Degree of weathering

(1) Unweathered: no evidence of any mechanical or chemical
alteration.

(2) Slightly weathered: slight discoloration on surface, slight
alteration along discontinuities, less than 10 percent of the rock
volume altered, and strength substantially unaffected.

(3) Moderately weathered: discoloring evident, surface pitted and
altered with alteration penetrating well below rock surfaces, weathering
"halos" evident, 10 to 50 percent of the rock altered, and strength

noticeably less than fresh rock.

(4) Highly weathered: entire mass discolored, alteration in nearly
all of the rock with some pockets of slightly weathered rock noticeable,
some minerals leached away, and only a fraction of original strength
(with wet strength usually lower than dry strength) retained.

(5) Decomposed: rock reduced to a soil with relect rock texture
(saprolite) and generally molded and crumbled by hand.

d. Lithology (macro description of mineral components) Use stan-
dard adjectives, such as shaly, sandy, silty, and calcareous. Note in-
clusions, concretions, nodules, etc

e. Texture and grain size

(1) Sedimentary rocks

Texture Grain Diameter, mm Particle Name Rock Name
* < - 80 Cobble Conglomerate
* 5 - 80 Gravel
Coarse grained 2 -5
Medium grained 0.4 - 2 Sand Sandstone
Fine grained 0.1 - 0.4

Use clay-sand texture to describe conglomerate matrix.

(Continued) o PN
b ’ (Sheet 1 ot 3)
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Table 2-6. Descriptive Criteria for Rock—Continued
Texture Grain Diameter, mm Particle Name Rock Name
Very fine grained >-0.1 Clay, Silt Shale, Claystone,
Siltstone,
Limestone
(2) TIoneous and metamornhic rocks
(2) Igneous and metamorphic rocks
Texture Grain Diameter, mm
Coarse grained > -5
Medium grained 1 -5
Fine grained 0.1 -1
Aphanite <0.1
(3) Textural adjectives. Use simple standard textural adjectives
such as porphyritic, vesicular, pegmatltlc granular, and grains well
developed. Do not use sophlstlcated terms such as holohyaline, hypidio-

morphic granular, crystaloblastic, and cataclastic.

2. Rock structure

a. Bedding

(1) Massive: >3 ft thick

(2) Thick bedded: beds from 1 to 3 ft thick

(3) Medium bedded: beds from 4 in. to 1 ft thick

{4) Thin bedded: beds less than 4 in. thick

b. Degree of fracturing (jointing)

(1) Unfractured: fracture spacing greater than 6 ft

(2) Slightly fractured: fracture spacing from 3 to 6 ft
(3) Moderately fractured: fracture spacing from 1 to 3 ft
(4) Highly fractured: fracture spacing from 4 in. to 1 ft
(5) Intensely fractured: fracture spacing less than & in.

Shape of rock blocks
Blocky: nearly equidimensional
d

Elongated: ro
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Table 2-6. Descriptive Criteria for Rock—Continued

3. Discontinuities

a. Joints
(1) Type:
(2) Separations:

(3) Character of surface:
lief, average asperity angle

bedding, cleavage, foliation, schistosity, extension
open or closed, how far open

smooth or rough; if rough, how much re-

(4) Weathering of clay products between surfaces

b. Faults and shear 2zones

(1) Single plane or zone:

how thick

(2) Character of sheared materials in zone

(3) Direction of movement, slickensides

(4) Clay fillings

c. Solution, cavities, and voids

(1) Size
(2) Shape:

(3) Orientation (if applicable):

planar, irregular, etc.

developed along joints, bedding

planes, at intersections of joints and bedding planes, etc.

(4) Filling:
(e.g. sand, silt, clay, etc.).

percentage of void volume and type of filling material

U. S. Army Corps of Engineers

ment of texture or structural features in any type of
rock; e.g., cleavage in slate or schistosity in a metamor-
phic rock. The term is most commonly applied to meta-
morphic rock.

b. Samples that are tested in the laboratory (termed
“intact” samples) represent the upper limit of strength
and stress-strain characteristics of the rock and may
not be representative of the mass behavior of the rock.
Coring causes cracks, fissures, and weak planes to
open, often resulting in a recovery of many rock frag-
ments of varying length for any core barrel advance.
Only samples (intact pieces) surviving coring and hav-
ing a length/diameter ratio of 2 to 2.5 are tested. Rock
Quality Designation (RQD) is an index or measure of
the quality of the rock mass. RQD is defined as:

3 Lengths of intact

RQD = pieces > 41in. long

Length of core advance

(Sheet 3 of 3)

Referring to figure 2-4, with a core advance of 60
inches and a sum of intact pieces, 4 inches or larger, of
34 inches, the RQD is computed as:
RQD= 3% — 057
60

Also shown in figure 2-4 is a qualitative rating of the
rock mass in terms of RQD. RQD depends on the drill-
ing technique, which may induce fracture as well as
rock discontinuities. Fresh drilling-induced fractures
may be identified by careful inspection of the recov-
ered sample.

2-7. Shales.

a. Depending on climatic, geologic, and exposure
conditions, shale may behave as either a rock or soil
but must always be handled and stored as though it is
soil. For these reasons, shale is considered separately
from either soil or rock. Shale is a fine-grained sedi-
mentary rock composed essentially of compressed

2-13
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Table 2-7. Engineering Classification of Intact Rock
a
I On basis of strengh 0,1t
Class Description Uniaxial Compressive

A Jarv hiaoah ctranat Nwvar T2 NNOND

£3 '\—L’ ll.LblA 9\—!-\—‘!6\-!‘ A A J&’Vv\l

B High strength 16,000 - 32,000

C Medium strength 8,000 - 16,000

D Low strength 4,000 - 8,000

E Very low strength Less than 4,000

. a
. i i o :©
II On basis of modulus ratio, Et/ ult
. . b
Class Description Modulus Ratio

H High modulus ratio Over 500

M Asrmsen mn fomndAlirm) ot~ a2NN_ENnnN

11 nvc:.asc \mcuiuiy Lauctliv PAVAVERS AVAY]

L Low modulus ratio Less than 200

? Rocks are classified by both strength and modulus ratio, such as AM,
BL, BH, and CM.

® Modulus ratio = Et/dult , where E_ = tangent modulus at 50 percent
ultimate strength and o0,;, = uniaXial compressive strength.

(Courtesy of K. G. Stagg and O. C. Zienkiewiez, Rock Mechanics
in Engineering Practice, 1968, pp 4-5. Reprinted by permission of

and/or cemented clay particles. It is usually laminated
from the general parallel orientation of the clay parti-
cles as distinct from claystone, siltstone, or mudstone,
which are indurated deposits of random particie ori-
entation. The terms “argillaceous rock” and “mudrock”
are also used to describe this type of rock. Shale is the
predominate sedimentary rock in the earth’s crust.

b, Shale may be grouped as compaction shale, and
cemented (rock) shale. Compaction shale is a transition
material from soil to rock and can be excavated with
usual large excavation equipment. Cemented shale
generally requires blasting. Compaction shales have
been formed by consolidation pressure and very little
cementing action. Cemented shales are formed by a

r\nm"nnnhnn of cementing nnr‘ nnnanlidati
T &, 6 ANA

1NN Nrasanra
NFiiinSAascR va L AsaUaavL VVIIOULUALVIVLL PITo0ULT.

They tend to ring when struck by a hammer, do not

slake in water, and have the general charactenstlcs of

John Wiiey & Sons, inc., New York.j

good rock. Compaction shales, being of an interme-
diate quality, will generally soften and expand upon
exposure to weathering when excavations are opened.

¢. Dry unit weight of shale may range from about 80
pounds per cubic foot for poor-quality compaction
shale to 160 pounds per cubic foot for high-quality ce-

mantnd ahala Qhala mawr hava tha annanmwanan af annnd
fICIIVCa BriaiT, OildiC {liay 11dVT ulc appcaraiiCc U1 s0uiiG

rock on excavation but will often deteriorate, during or
after placement in a fill, into weak clay or silt, of low
shear strength. Figure 2-5 may be used as a guide in
classifying shale for foundation use.

d. Compaction shales may swell for years after a
structure is compieted and require speciai studies
whenever found in subgrade or excavated slopes. The
nrnﬂ1n+nﬂ }\nhu‘nnv nf chalac cannot ha hasad snlale

snaies MUV T vadtu ouiTLy

upon laboratory tests and must recognize local expe-
riences.
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S 5 RQD DESCRIPTION
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6
CORE RECOVERY = 50/60 = 83%
RQD = 34/60 = 57%
5
!
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TOTAL = 34 INCHES

(Courtesy of K. G. Stagg and O. C. Zienkiewiez, Rock
Mechanics in Engineering Practice, 1968, p 15. Reprinted by

permission of John Wiley & Sons, Inc. New York.)

Figure 2-4. Modified core recovery as in index of rock quality.
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ARGILLACEQUS MATERIALS
I .
S40 <290 PS1) | ( s o> 250 PSI (18 TSF)
As>06s N l /ZA'SJU 4s
B> 1% u°§ \1 l [ '\ Dw<1%
i |
CLAY MUDSTONE®

[ U S
P —
'—_———

e e

v v v
MEDIUM STIFF HARD CLAYSTONE SILTSTONE
T0 (CLAY-SHALE)
SOFT *(SHALE IF FISSILE)
ten<1 HR te,<1 DAY tgg> 1 DAY
s = UNDRAINED SHEAR STRENGTH AT NATURA! WATER CONTENT
% (Q TEST USING 50 PSI CHAMBER PRESSURE)
Os, = STRENGTH LOSS AFTER SOFTENING TO EQUILIBRIUM WATER CONTENT
ODw = CHANGE IN WATER CONTENT AFTER SOFTENING
igo = TIME OF SOFTENING FOR LOSS OF 0% OF s,
a. ENGINEERING CLASSIFICATION OF ARGILLACEOUS MATERIALS
AMOUNT OF SLAKING 2
LL = LIQUID LiMiT VERY LOW LOW MEDIUM HIGH VERY HIGH
w, = MAX. WATER CONTENT DUE VL L M H VH
TO SLAKING LL LL L
L1 = LIQUIDITY INDEX LL<2 BETWEEN | BETWEEN | BETWEEN LL>140
ALt = CHANGE IN LIQUIDITY INDEX 2085 50 & 90 90 & 140
Z | SLOW, S VL L M H W
o S | AL <0.75 S § S S S
= %
x| S=| FAST, F VL L W
<C| »—a o ¢
Al ' w | 015<ALI<L2S F F F F F
w| 3 =
ol— <
wl & & | VERY FAST, VF VL L M H WH
=3 o |oL>12s VF VF VF VF VF
2 WATER CONTENT AFTER SLAKING EQUALS LL.
b. CLASSIFICATION IN TERMS OF SLAKING CHARACTERISTICS
{Courtesy of N. R. Morgensiern and K. D. Eigenbrod, “Classificaiion of Argillaceous Soils and Rock,” Journai,
Geotechnical Division, Vol 100, No. GTI0, 1974, pp 1137-1155. Reprinted by permission of American Socielm

Engineers, New York.)

Figure 2-5. Classification of shales.



TM 5-818-1/AFM 88-3, Chap.?

CHAPTER3

ENGINEERING PROPERTIES OF SOIL AND ROCK

a = [ PPy my:_ P I PRPRPURS.I [, e
J9-1. dCOp@. 101 chapter considers engineering
properties of soil and rock useful in designing founda-
tions under static loading. Dynamic properties are dis-

0alllls: Y yiallll

cussed in chapter 17.

a. Correlations. Tables and charts based on easily
determined index properties are useful for rough esti-
mating or confirming design parameters. Testing pro-
cedures employed by different soil laboratories have
influenced correlations presented to an unknown de-
gree, and the scatter of data is usually substantial; cau-
tion should, therefore, be exercised in using correla-
tion values, Undisturbed soil testing, either laboratory

or field, or both, should be used for fmal design of ma-
jor foundations. On smaller projects, an economic an-
alysis should determine if a complete soil explora-
tion/laboratory testing program is justified in lieu of a
conservative design based on correiation data. Com-

wlae anhaoriwfans anmdiéinng maotr mat mawmas AnigiAn

~s As a4 A
plUA DuUBul 1au: LUILIULLIVILY lliay 11VLUL PCKIILIL a ucuidivil

on en]o]v economic (rrnnnd':

b. Engineering properties. Properties of particular
terect to the foundation engineer include

st ngineer include—
(1) Compaction.

(2) Permeability.

(3) Consolidation-swell.

(4) Shear strength.

(5) Stress-strain modulus (modulus of elasticity)

comemle mads~

amAd DAl .
dllu I UISSUIL S 1'dulv.

3-2. Compaction characteristics of soils.
The density at which a soil can be placed as fill or back-
fill depends on the placement water content and the
compaction effort. The Modified Compaction Test (CE
55) or comparable commercial standards will be used

as a basis for control. The CE 55 test is described in

T E_QOA_Q/ATRMAQ & (hantar Q (Qap ann A Fn-r rnf_
LIVl =042 =4iAr 11 O0—-U, Uilaplel &, W app 43 101 1<

a
erences.) Other compaction efforts that mav be occa-

sionally used for speCIal projects include—

a. Standard compaction test:
Three layers at 25 blows per layer
Hammer = 5.5 pounds with 12-inch drop

b. Fifteen-blow compaction test:
Three layers at 15 blows per layer
Hammer = 5.5 pounds with 12-inch drop
The results of the CE 55 test are represented by com-
paction curves, as shown in figure 3-1, 1n which the

watar anntant 1a nlattad varciig mnantad Arv dancity
yvwauvclt bUllWllb 10 PIULUCU YOCLOUD LUIAIPC\\, vou Ly Ubllﬂlb)

The ordinate of the peak of the curve is the maximum

dry density, and the abscissa is the optimum water
content wop. Table 3-1 presents typical engineering
properties of compacted soils; see footnote for com-
pacted effort that applies.
3-3. Density of cohesioniess soiis.

a. Relative density of cohesionless soils has a consid-
erabie influence on the angie of internai friction, ai-

lawrahla hanwing nonanidsr and cnddlamnntd AF Fanédinoan
1UWault vcallilg tapativy, allll dTULUITILIICLIIL Ul 1UULLIED.

An examnle of the relationshin hetween relative densi-

aii TAQLipgaT Ui vad fote? $- 39 o2 ¢

ki ¥
ty and in situ dry densities may be conveniently deter-
mined from figure 3-2. Methods for determining in
situ densities or relative densities of sands in the field
are discussed in chapter 4.

b. The approximate relationship among the angle of
friction, ¢, Dg, and unit weight is shown in figure 3-3;
and between the coefficient of uniformity, C., and void
ratio, in figure 3-4.

¢. The relative compaction of a soil is defined as

R Yfield

C

IH

Y max (lab)
where yfea = dry density in field and ymax gaby = maxi-
mum dry density obtained in the laboratory. For soiis
where 100 percent relative density is approximately

the same as 100 percent relative r\nmnanhnn haged on

CE 55, the relatlve compaction and the relative densi-
ty are related by the following empirical equation:

RC = 80 + 0.2Dr(Dg > 40 percent) 3-2)
3-4. Permeabiiity.
a. Darcy’s law. The laminar flow of water through
solls is governed by Darcy’s law:

q = kiA (3-3)
where
g = seepage quantity {(in any time unit consis-
tent with k)
k = coefficient of permeability (units of veloc-
ity)
1 = h/L = hydraulic gradient or head loss, h,

across the flow path of length, L
A = cross-sectional area of fiow

b. Permeability of soil The permeability depends
prlmaruy on the size and sha pe of tne son grams void

atio, b“dpe and arran 1geimn
ati
at

il
inn and tomnaratn Po m
10N, ang emperaiure. rermeaosi

the rate of flow of wa-

i
!‘

n the laboratory by measuring

3-1



TM 5-818-1/AFM 88-3, Chap. 7

ter through a specimen under known hydraulic gra-

3 _ __ 4 M
aient, 1.

Mo 1 e oo Lildey wnlivan  amamiwianl wala
1ypiCal permeauviiily vaiucs, cilipirital ivia®

tinnehine and mathade far nhtaining the coefficient nf
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permeability are shown in figure 3-5. Field pumping
tests are the most reliable means of determining the

DRY DENSITY, PCF

120

118

—
(=]
o

w

(1)

8

x
(]

75

permeability of natural soil deposits (para 4-5). Per-

manhilitey Ahtninad in +thia a tha nawmanhilite
mcaumuy vvuraiiicu lll blllﬂ lllmlllcl AD viige ycx AATAANALL J

a horizontal direction. The vertical mrmpnhlhfv of

natural soil deposits is affected by stratlflcatlon and is
usually much lower than the horizontal permeability.

T T T
\ NOTE: DETERMINATION OF OPTIMUM
WATER CONTENT AND MAXIMUM
\ DRY DENSITY SHOWN FOR LEAN
CLAY ONLY.
SAMPLES COMPACTED USING CE $8§
COMPACTION EFFORT. CL ASSIFIi-
\ CATION DATA FOR SAMPL ES SHOWN
\ IN FIGURE 2-2
&‘\;‘\»
1 Lo _ N (<]
" MAXIMUM DRY DENSITY \7/
=107 LB/CU FT ‘91._
——— — | —— — —— —{— —
| OPTIMUM WATER 2,
CONTENT = 18.0% )
] y @
| /) | \ S
\ /\ \ \%
/ e}
/ ?
8 - — LEAN CLAY AT
|+ 7\ s
UNIFORM FINE / \ \‘b
SAND / \le'r
A
&
MAX DRY DENSITY >N
| L MAX DRY DENSITY __ 2 )
.‘i{ COMPACTION "'i 1{» \
r4
w| CURVE & ]\ \
3] Z| 2 \
z &l &
ol e AN
— w ) FAT CLAY
/B N\ 7 X
S/ s \ /
w
o :Z,l /
& A
e o| o
WATER CONTENT INCREASE —»
! 1 !
0 s 10 15 20 25 E% 38

WATER CONTENT, PERCENT DRY WEIGHT

U. S. Army Corps of Engineers

Figure 3-1. Typical CE 55 compaction test data.
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Table 3-1. Typical Engineering Properties of Compacted Materials

Typical Strength Characteristics _

Range of At 2.5 At 7.2 Range of
Max imum kst ksf Cohesion ¢ (Effective Typical Subgrade
Dry Unit _ (20 psi) (50 psi) (As Com- Cohesion Stress Coefficient of Modulus
Group Wweight, Content Percent of Original pacted) (Saturated) Invelope) Permeability Range of k
Symbol Soil Type pef Percent Height pst psf deg ft/min CBR Values 1b/cu in.
GW Well graded clean grav- 125-135 11-8 0.3 0.6 0 [¢] >38 5 x 107" 40-80 300-500
els, gravel-sand
mixtures
GP Poorly graded clean 115-125 1k-11 0.4 0.9 0 [ >37 1071 30-60 250-400
gravels, gravel-sand
mix -
GM Silty gravels, poorly 120-135 12-8 0.5 D >3h >10»_6 20-60 100-400
graded gravel-sand-
silt
Gc layey gravels poorly 115-130 1k-9 0.7 D >31 >10-7 20-Lo 100-300
graded gravel-sand-
clay
SW Well graded clean sands, 110-130 16-9 0.6 1.2 0 o 38 >10-3 20-b0 200-300
gravelly sands
SP Poorly graded clean 100-120 21-12 0.8 1.k 0 0 37 >10-3 10-40 200-300
sands, sand-gravel
mix
SM Silty sands, pooriy 110-125 16-11 0.8 i.6 1050 420 3u 5 x 167 10-40 100~300
graded sand-silt mix
£
SM-SC Sand-silt clay mix. with 110-130 15-11 0.8 1.k 1050 300 33 2 %107 L.l
slightly plastic
fines
sC Clayey sands, poocrly 105-125 19-11 1.1 2.2 1550 230 31 5 x 10—7 5-20 100-300
graded sand-clay mix
ML Inorganic silts and 95-120 2k-12 0.9 1.7 1400 190 32 1077 15 or less  100-200
clayey silts
ML-CL  Mixture of inorganic 100-120 2212 1.0 2.2 1350 460 2 Sx 1077 L. 100-200
silt and clay
cL 95-12¢ 2512 1.3 2.5 1800 270 28 1077 15 or less  50-200
oL Organic silts and silt- 80~100 33-710 e e e e e e e T or less 50-100
clays, low plasticity
-7
MH Inorganic clayey silts, 75-95 Lo-2k 2.0 3.8 1500 420 25 5 x 10 ' 10 or less 50-100
elastic silts
CH Inorganic clays of high 80-105 36-19 2.6 3.9 2150 230 19 107" 15 or less 50-150
plasticity
OH Organic clays and silty 75-100 L T PP 5 or less 25-100
clays

Moaoal_an L w . .
g.ajdara rroctor maximum density, except vaiues of k and CBR which are for CES5 maximum density.
Typical strength characteristics are for effective strength envelopes and are obtained from USBR data.

Compression values are for vertical loading with comp aral confi

(>) indicates that typical property is greater than the value shown. (....) indicates insufficient data available for an estimate.

ral conf

Ew -

|(NAVFAC DM-7)
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c. Permeability of rock. Intact rock is generally im-
permeable, but completely intact rock masses rarely
occur. The permeability of rock masses is controlled by
discontinuities (fissures joints cracks, etc.), and flow
may be enne laminar (Uarcys law appneS) or mrbu-

| Py

3-5. Consolidation. Consolidation is a time-de-
pendent phenomenon, which relates change that oc-
curs in the soil mass to the applied load.

a. Consolidation test data. Consolidation or one-di-
mensnonal compressmn tests are made in accordance

z.
::F"
3 o

pressure-void ratio curves. The relationship between

void ratio and effective vertical stress, p, is shown on a

semilogarithmic diagram in figure 3-6. The test re-

sults may also be plotted as change in volume versus

enecnve vertical stress. 1yp1ca1 exampi S 0 pressure-
. L PO |

, Pc, is the maximum
s been exposed and may result from loading or
drying. Geological evidence of past loadings should be
used to estimate the order of magnitude of preconsoli-
dation stresses before laboratory tests are performed.

1 he basagrande method ot obtammg the preconsohda-

.
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requires care and judgment. Sometimes it is better to of the ¢ versus log p curve is the compression ratio, CR,
estimate two positions of this point—one as small as defined as
likely, and the other as large as plausible, consistent Ae C.
with the data—and to repeat the construction for both CR = — = (3-4)
cases. The result will be a range of preconsolidation log P2 LT Ee
stresses. Because the determination of p. involves pi
some inevitable inaccuracy, the range of possxme where A¢ is the change in vertical strain corresponding
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which falls somewhere in the possible range. The the initial (or in situ) void ratio. An approximate corre-
higher the quality of the test specimen, the smaller is lation between CR and natural water content in clays
the range of possible p. values. Approximate values of is given by the following:
preconsolidation pressure may be estimated from fig- CR = 0.008 (w — 12) (3-5)
ure 3-8 or 3-9. Table 3-2 can be used to obtain gross . .
d. Coefficient of volume compressibility. The rela-
estimates of site preconsohdatlon This table and fig- : . / A Lt . :
2 Q.22 1 tionship between deformation (or strain) and stress for
ures 3-8 and 3-9 should be applied before consolida- v ’
P S S DU T S S one-dimensional compression is expressed by the coef-
Uil DL dIP LT1ULIIIEU LU ddSUIT LESL 1aUus SUullicielliu- * v .
ly high to define the virgin compression portion of ficient of volume compressibility, m., which is defined
e-log p plots. as
c Cnmnrace;nn indor Tha clana nf tha viragin ram. AS A£ av 100
. - Vllb’.l' COOVUE LILWTA. 141170 DIUPC Vi VIIT Vil 411 LUl Irlv = - = (J_o,
pression curve is the compression index C., defined in Ap Ap (1 + e.) 1+e
figure 3-6. Compression index correlatlons for ap- also
proximations are given in table 3-3. When volume 0.434 C. B
change is expressed as vertical strain instead of change vE 3-7)
in void ratio, the slope of the virgin compression part TR
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Figure 3-8. Approximate relation between liquidity index and effective overburden pressure, as a function of the sensitivity of the soil.
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where
Ae = change in vertical strain
Ap = p; — p; = corresponding change in effec-
tive vertical stress
a, = Ae/Ap = coefficient of compressibility
p’ = average of initial and final effective verti-

| P

Cai siress

The units of m. are the reciprocal of constrained mod-
ulus. Table 3-4 gives typical values of m, for several
granular soils during virgin loading.

e. Expansion and recompression. If overburden
pressure is decreased, soil undergoes volumetric ex-
pansion (swell), as shown in figure 3-7. The semilog-
arithmic, straight-line (this may have to be approxi-
mated) slope of the swelling curve is expressed by the
swelling index, C,, as

Ce = (3-8)
p:
log
Pi
where Ae is the change in void ratio (strictlv a sign an-
WE Y ARV A VALY VARRSSD YV 4ss A AMVAV WLV VAT W Vapes Y

plies to C., C,, C:, and m,; however, judgment is usual-
ly used in lieu of signs). The swelling index is generally
from one-fifth to one-tenth the compression index. Ap-
proximate values of C. may be obtained from figure
3-10. The siope of the recompression curve is ex-
pressed by the recompression index, C,, as follows:
Ae
P:
P:
The value of C; is equal to or slightly smaller than C,.
High values of C./C. are associated with overconsoli-
dated clays containing swelling clay minerals.

C: (3-9)

log
et -1
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Whitman, Soils Mechanics, 1969, p 320.
Reprinted by permission of John Wiley &

Came Tm1r ANaw, Varl )
SONS, 1N, iNeéW JTO7TK.

7/

Figure 3-9. Approximate relation between void ratio and effective overburden pressure for clay sediments, as a function of the
Atterberg iimits.
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Table 3-2. Estimating Degree of Preconsolidation

Method

Remarks

Surface topography

Standard penetration resistance

Undisturbed sampling

Laboratory shear strengths

Soil below alluvial valley filling should generally have a preconsol-
idation stress at least corresponding to elevation of abutments.
In wide river valleys with terraces at several elevations, an ele-

vation correspend1ng to previous surface elevation in the river
valley may be several miles distant

Ask geclogist for estimate of maximum preconsolidation stress. Ero-
sion may have removed hundreds of feet of material even in abutment
area

If natural water content is near PL or below it, anticipate high pre-
consolidation stress. A high natural water content is not, itself,
a suitable indicator of absence of overconsolidation

________ A -

1f blow counts are high, anticipate high P[ULUHbULluatiOu stress.
From blow counts, estimate undrained shear strength, s, , in tons
per square foot as approximately 1/15 of blow count. If estimated
1ly more than corresponds to a s _/p ratio of
+

u
reconsoli dat’1 on stresses

ahout n ')R e ioch n
about 0.25, an e high preconsolidation stresses
If soil was too hard to sample with piston sampler, and a Denison or
similar sampler was required, suspect high preconsolidation stress
If higher than those corresponding to a s /p  ratio of about 0.3
- . u "o
anticipate high preconsolidation stress
If compression index appears low for Atterberg limits of soil, sus-
pect that test loads were not carried high enough to determlne
virgin compression curve and correct preconsolidation stress. Ex-
pected values for compression index can be estimated from correla-
tions with water content and Atterberg limits (table 3-3)
Estimate preconsolidation stress from figures 3-8 and 3-9 (pc values

doy) ‘¢-gg WiV/L-818-€ W1

L
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f. Coefficient of consolidation. The soil properties where
that control the drainage rate of pore water are com- k = coefficient of permeability in a vertical di-
bined into the coefficient of consolidation, C,, defined rection
as follows: eo = Iinitial void ratio
kil +e k yw« = unit weight of water
C.= { o) = (3-10) a, = Ae/Ap = coefficient of compressibility, ver-
Ite . I_Ywa v ywmy tical deformation
alternatively, m, = coefficient of volume compressibility
C.= TH? (3-11) T = Time factor (para 5-5) that depends on per-
' t cent consolidation and assumed pore pres-
Table 3-3. Compression Index Correlations
Clays
~=0.012 w_ , w_ 1in percent
C I1 n -
c " 0.01 (LL-13)

Sand, uniform

C =0.03, loose to C_= 0.06,

C

Silt, uniform
C =0.20
c

U. S. Army Corps of Engineers

Table 3-4. Value of Coefficient of Compressibility (m,) for Several Granular Soils During Virgin Loading

Relative oy 10 per et

Soil Density, Dy 5o Teass s e s et
Uniform gravel 0 2.3 1.1
1 <D<5 mm 100 0.6 0.4
Well-graded sand 0 5.0 2.7
0.02 <D <1 mm 100 1.3 0.6
Uniform fine sand 0 4.8 2.0
0.07 <D < 0.3 mm 100 1.4 0.6
Uniform silt 0 25.0 4.0
0.02 <D < 0.07 mm 100 2.0 0.9

{Couriesy of T. W. Lambe and R. V. Whitman, Soils Mechanics,

1969, p 155. Reprinted by permission of John Wiley & Sons, Inc.,

3-12
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sure distribution in soil caused by load
H = length of longest drainage path (lab or field)
t = time at which the time factor is T for the
degree of consoiidation that has occurred
187

"
o)
-

(

for undisturbed and remolde 1

g. Coefficient of secondary compresszon. The coeffi-
cient of secondary compression, C., is strain ¢, =
AH/H,, which occurs during one log cycle of time fol-
Iowing completion of primary consolidation (fig 3-7)
The coefficient of secondary compression is co Tpuue

as

o y St es as

the compression 1ndex of virgin compression ratlo will

generally also have high values of C.. Highly sensitive

clays and soils with high organic contents usually ex-

hibit high rates of secondary compression. Overcon-

solidation can markedly decrease secondary compres-
P R

sion. uepenamg on me degree of overconsolida
about one-half to one-
ures below the nrpnnnqnhdnh on pres-
sure as it is for the pressures above the preconsolida-
tion pressures. For many soils, the value of C. approxi-

mately equals 0.00015w, with w in percent.

1011

("
=

h. Effects of remolding. Remolding or disturbance
has the following effects relative to undisturbed soil:

(1) e-log p curve. Disburbance lowers the void ra-

tio reached under applied stresses n the vicinity of' the

S . £
e-log p curve approaches closely that for good undis-
turbed samples.

(2) Preconsolidation stress. Disturbance lowers
the apparent preconsolidation stress.
(3) Virgin compression Disturbance lowers the

value of the compression index, but the effect may not
be severe
(4) Swelling and recompression. Disturbance in-

creases the swelling and recompression indices.

(5) Coefficient of consolidation. Disturbance de-
creases the coefficient of consolidation for both virgin
compression and recompression (fig 3-11) in the vicin-

ity of initial overburden and preconsoudamo n stresses.
R TP B P S . I

For good undisturbed samples, the v Uy ae-
creases abruptly at the preconsolidation pressure.
(6) Coefficient of secondary compression. Distur-

¢
«
[
[
[
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bance decreases the coefficient of secondary compres-
sion in the range of virgin compression.

3-6. Swelling, shrinkage, and collapsibil-
ity.

operty and

is an index p

<:>
sl
(0]
3
e
E

a. The swelling 1 is an 1n
equals the percent swell of a laterally confmed soil
sample that has soaked under a surcharge of 1 pound
per square inch after being compacted to the maxi-
mum density at optimum water content according to

T o~

the standard compaction test method. Correlation be-

N B 5 ) QY SNSRI SR, IR PRy
tween swelling potential and PI for natural soiis com-
pacted at optimum water content to standard maxi-
mum density is shown in figure 3-12,

L L4 ) ey ~F cwxralling an i I
b. The amount of swelling and shrinkage depends
on the initial water content. If the soil is wetter than

the shrinkage limit (SL), the maximum possible
shrinkage will be related to the difference between the
actual water content and the SL. Similarly, little swell
will occur after the water content has reached some
value above the plastic limit.
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Plasticity Index

(Courtesyof H. B. Seed, J. Woodward, Jr., and

Lundgren, R., Predzcanon of Swelhng
Potential for Swelling Clay,” Journal, Soil

Mechanics and Foundations Division, Vol 88,

No. SM3, Part I, 1962, pp 53-87. Reprinted by
permission of American Society of Civil Engi-
neers, New York.)

Figure 3-12. Predicted relationship between swelling potential and
plasticity index for compacted sotls.
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c. Collapsible soils are unsaturated soils that under-
go large decreases in volume upon wetting with or
without additional loading. An estimate of collapsibil-
ity (decrease in volume from change in moisture avail-

ST o . £ o oaril mmas ho mmads fram £griea
aule} dalla expallbluu Ol 4 dUL1 llldy DE 111ldut 11VUIlll 11gultc

3-13 based on in situ dry density and LL.

3-7. Shear strength of solils.

a. Undrained and effective strengths. The shear
strength of soils is largely a function of the effective
normal stress on the shear plane, which equals the to-
tal normal force less the pore water pressure. The
shear strength, s, can be expressed in terms of the to-
tal normal pressure, o, or the effective normal pres-
sure, o', by parameters determined from laboratory
tests or, occasionally, estimated from correlations with
index properties. The shear test apparatus is shown in
figure 3-14. The equations for shear strength are as
follows:

§ = C + otan ¢ (total shear strength parameters)

s’ = ¢’ + (o—u)tan ¢’ (effective shear strength param-

The total (undrained) shear strength parameters, ¢ and
¢, are designated as cohesion and angle of internal fric-
tion, respectively. Undrained shear strengths apply
where there is no change in the volume of pore water
tory by shearing without permitting drainage. For sat-
urated soils, ¢ = 0, and the undrained shear strength,
c, is designated as s.. The effective stress parameters,
¢’ and ¢', are used for determining the shear strength
provided pore pressures, u, are known. Pore pressure
changes are caused by a change in either normal or
shear stress and imay be either positive or negative.
Pore pressures are determined from piezometer obser-
vations during and after construction or, for design
purposes, estimated on the basis of experience and be-
havior of samples subjected to shear tests. Effective
stress parameters are computed from laboratory tests
in which pore pressures induced during shear are
measured or by applying the shearing load sufficiently
slow to result in fully drained conditions within the
test specimen.

eters)
50 | [ T LB 1 '//
so— // —
=
COLLAPSE / I EXPANSION
:3 70 ) | —
o // ! VERY HIGH
> / | |
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g sl | e | -
: 4 | |
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(Courtesy of J. K. Mitchell and W. S. Gardner, “In
Situ Measurement of Volume Change Characteris-
tics,” Geotechnical Engineering Division Specialty
Conference on In Situ Measurement of Soil Proper-

ties, 1975, North Carolina State University, Raleigh,
N. C. Reprinted by permission of American Society of

Civil Engineers, New York,)

Figure 3-13. Guide to collapsibility, compressibility, and expansion based on in situ dry density and liquid limit.
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b. Undrained shear strength-cohesive soils. Ap-
proximate undrained shear strengths of fine-grained
cohesive soils can be rapidly determined on undis-
turbed samples and occasionally on reasonably intact
samples from drive sampling, using simple devices
such as the pocket penetrometer, laboratory vane
shear device, or the miniature vane shear device (Tor-
vane). To establish the reliability of these tests, it is de-
sirable to correlate them with unconfined comr-assion
tests. Unconfined compression tests are widely used
because they are somewhat simpler than Q triaxial
compression tests, but test results may scatter broad-
ly. A more desirable test is a single Q triaxial compres-
sion test with the chamber pressure equal to the total
in situ stress. Unconfined compression tests are appro-
priate primarily for testing saturated clays that are
not jointed or slickensided. The Q triaxial compression

test is commonly performed on foundation clays since
the in situ undrained shear strength generally controls
the allowable bearing capacity. Sufficient unconfined
compression and/or Q tests should be performed to es-
tablish a detailed profile of undrained shear strength
with depth. Undrained strengths may also be estimat-
ed from the standard penetration test, cone penetrom-
eter soundings, and field vane tests, as discussed in
chapter 4. For important structures, the effects of
loading or unloading on the undrained shear strength
should be determined by R (consolidated-undrained)
triaxial compression tests on representative samples of
each stratum.

c. Strength parameters, cohesive soils. The un-
drained shear strength of saturated clays can be ex-
pressed as

4.0

3.5

3.0

"\ o APPROXIMATE
- IXS LimITS OF DATA

2.5

2.0

LIQUIDITY INDEX

1.0

0.8

-0.5

0.0001 0.001 0.01

-

0.t 10

REMOLDED SHEAR STRENGTH, KG/CM2

(Courtesy of W. N. Houston and J. K. Miichell, *' Property
Interrelationships in Sensitive Clays, " Journal, Soil Mechan-
ics and Foundations Division, Vol 95, No. SM4, 1969, pp

1037-1062. Reprinted by permission of American Society of

Civil Engineers, New York.)

Figure 3-15. Remolded shear strength versus liguidity index relationships for different clays.
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Figure 3-16. Normalized variation of s,/p, ratio for overconsolidated clay.
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(3-11)
(3-12)

Su=cu¢u=0

8= — (0, —-0y) = a.

2 2
and is essentially independent of total normal stress.
The undrained cohesion intercept of the Mohr-Cou-
lomb failure envelope is c,.

(1) The undrained shear strength, s., of normally
consolidated cohesive soils is proportional to the effec-
tive overburden pressure, p,. An approximate correla-
tion is as follows:

Su

Po
(2) A correlation between the remolded, un-
drained shear strength of clays and the liquidity index
is shown in figure 3-15.

= 0.11 + 0.0037 PI

(3-13)

(3) A correlation between the normalized s./p, ra-
tio of overconsolidated soils and the overconsolidation
ratio (OCR) is presented in figure 3-16. The value of p,
in (su/po)oc is the effective present overburden pres-
sure. Values of (su/po)oc may be estimated from this
figure when (s./po)nc and the OCR are known (NC sig-
nifies normally consolidated soils).

d. Sensitivity, cohesive soils. The sensitivity of a
clay soil, S,, is defined as follows:
S, = Undisturbed compressive strength

Remolded compressive strength
(at same water content)

Terms descriptive of sensitivity are listed in table 3-5.
Generalized relationships among sensitivity, liquidity
index, and effective overburden pressure are shown in
figure 3-17. The preconsolidation pressure, rather
than the effective overburden pressure, should be used
for overconsolidated soils when entering this figure.
Cementation and aging cause higher values of sensitiv-
ity than given in figure 3-17.

e. Effective strength parameters, cohesive soils. As
indicated in figure 3-14, the peak and residual
strengths may be shown as failure and postfailure en-
velopes. Values of the peak drained friction angle for
normally consolidated clays may be estimated from
figure 3-18. After reaching the peak shear strength,
overconsolidated clays strain-soften to a residual value
of strength corresponding to the resistance to sliding
on an established shear plane. Large displacements are
necessary to achieve this minimum ultimate strength
requiring an annular shear apparatus or multiple re-
versals in the direct shear box. Typical values of resid-
ual angles of friction are shown in figure 3-19.

f. Shear strength, cohesionless soils.

(1) In sandy soils, the cohesion is negligible. Be-
cause of the relatively high permeability of sands, the
angle of internal friction is usually based solely on
drained tests. The angle of internal friction of sand is
primarily affected by the density of the sand and nor-
mally varies within the limits of about 28 to 46 de-

Table 3-5. Sensitivity of Clays

Sensitivity
0-1

1-2
2-4
4-8
8-16

>16

Descriptive Term

Insensitive

Low sensitivity
Medium sensitivity
Sensitive

Extra sensitive

Quick

U. S. Army Corps of Engineers
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grees (fig 3-3). Approximate values of ¢ are given as
follows:

¢ = 30 + 0.15 Dg for soils with less than 5 percent

fines (3-14)
¢ = 25 + 0.15 Dg for soils with more than 5 percent
fines " (3-15)

Values of ¢ = 25 degrees for loose sands and ¢ = 35
degrees for dense sands are conservative for most
cases of static loading. If higher values are used, they
should be justified by resuits from consolidated-
drained triaxial tests.

(2) Silt tends to be dilative or contractive depend-
ing upon the consolidation stresses applied. Thus, the

TM 5-818-1/AFM 88-3, Chap. 7

back-pressure saturated, consolidated-undrained tri-
axial test with pore pressure measurements is used. If
the silt is dilative, the strength is determined from the
consolidated-drained shear test. The strength deter-
mined from the consolidated-undrained test is used if

+h 314 3 + 1 3 .
the silt is contractive. Typical values of the angle of in-

ternal friction from consolidated-drained tests com-
monly range from 27 to 30 degrees for silt and silty
sands and from 30 to 35 degrees for loose and dense
conditions. The consolidated-undrained tests yield 15
to 25 degrees. The shear strength used for design
should be that obtained from the consolidated-drained
tests.

2.0
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> \
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3 \ \X\ NG
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10 100
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(Courtesy of W. N. Houston and J. K. Mitchell, " Property
Interrelationships in Sensitive Clays, " Journal, Soil Mechan-
ics and Foundations Division, Vol 95, No. SM4, 1969, pp

1037-1062. Reprinted by permission of American Society of

Civil Engineers, New York.)

Figure 3-17. General relationship between sensitivity, liquidity index, and effective overburden pressure.
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50 T
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U. S. Army Corps of Engineers

Figure 3-18. Empirical correlation between friction angle and
plasticity index from triaxial compression tests on normally
consolidated undisturbed clays.
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modulus and Poisson’s ratio are often used in connec-
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def orm ations Bot.. of t ese elastic properties vary

Typical values glven below refer to moderate confmmg
pressures and shear stresses corresponding to a factor
of safety of 2 or more.

a. In practical problems, stresses before loading are
generally anisotropic. It is generally considered that
the modulus of elasticity is proportional to the square
root of the average initial principal stress, which may

..... alle- Ly 421 Zen as
usSuaily oe taKen as

where K, is the coefficient of at-rest earth pressure
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stresses are less than one-half the peak strength.

h hoe n1ndrainad madnlie for normalle rnnanlidat.

v 4 11T Uiliuialiiicu 1ivuuliun 1vi iviiiiail Lvuiioviiuav
ed clays may be related to the undrained shear

E
— = 250 to 500

Su

where s, is determined from Q tests or field vane

(3-17)

shear tests. The undrained modulus may also be esti-
mated from figure 3-20. Field moduli may be double
these values.

c. Poisson’s ratio varies with strain and may be as

3-22

low as 0.1 to 0.2 at small strains, or more than 0.5.

a. The modulus of subgrade reaction, k., is the ratio
of load intensity to subgrade deformation, or:

ke= 2 (3-18)
A
where
q = intensity of soil pressure, pounds or Kips
per square foot
A = corresnonding averaoge settlement. feet
A = corresponding average settlement, feet
L Waliiac ~f ke smnw ho ~hdainad Frnm ganaral andan
0. vdiues Ul K 111a e pLdliied 11roiil g 111 al VLUl
n t‘nnrnac;no‘ aronNranty:
Vi \avuva bﬂell‘a ALV UL u\/‘, .
(1) Plate or pile load test (chaps 4 and 12).
(2) Empirical equations (additional discussion in
chap 10).

(3) Tabulated values (table 3-6).

3-10. Coefficient of at-rest earth pres-
sure. The state of effective lateral stress in situ un-

The coefficient of at-rest earth pressure applies for a
condition of no lateral strain. Estimate values of K, as

Yo b
follows
Alnsmmcnlle: nnmonlidaéad cnsl
AVUrInaLLy condsowtauteud >SotLt
Qand-
Sand:
w7 1 e A7 10 ONN
Ko=1-sin¢ (3-20)
(‘.IQ‘I'
Clay:
7 - Norc s A7 10 N
Ro=095-sing¢ (3-21)
Rignra 291 mav ha n1aad far actimataa nf W Far hath
LiguiT uUuT 414 11ia UT UdTU 11Ul TOuIIauvrd Ul IhZo 1VUL buwl
normally consolidated and overconsolidated soils in

terms of PI. For overconsolidated soils, this figure ap

plies mainly for unloading COl’ldlthnS, and reloadmg
may cause a large drop in K, values. For soils that dis-
play high overconsolidation ratios as a result of desic-
cation Ko wiil be overestimated by the relationship

ratio and uniaxial com p essive strength of various in-
tact rocks are shown in table 2-7.

3 12. Properﬂes of typical shaies. Behav-

re summarized in tabie

most reliable means for
behavior of shales.
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Figure 3-20. Chart for estimating undrained modulus of clay.

Table 3-6. Values of Modulus of Subgrade Reaction (k) for Footings as a Guide to Order of Magnitude

Soil Type Range of k_ , kcf?
Loose sand 30-100
Medium sand 60-500
Dense sand 400-800
Clayey sand (medium) 200-500
Silty sand (medium) 150-300

Clayey soil

q, < 4 ksf 75-150
4 < q, < 8 150-300
8 < q, >300

? Local values may be higher or lower.
U. S. Army Corps of Engineers
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Figure 3-21. Coefficient of earth pressure at rest (K,) as a function of overconsolidated ratio and plasticity index.



Table 3-7. An Engineering Evaluation of Shales

Physical Properties Probable In-sftu Behavior
Ty L TS T
High Tunnel
Laboratory tests Low | Tendency| Slope Rapid | Rapid |support
and fn-sity Average range of values Free_| bearing to | stability elzf!':g erosion p::‘:—
observations Unfavorable | Favorable | g, o capacity | rebound |problems lems
(1) (2) (3) (4) (5) (6) (U] @) (9) (10)
Compressive £0 to 300 v v
strength, in e L i i S A B S eiatid el
pounds per square 00 _5000
inch 1 pTTTITTT
Modulus of 20,000 to , 7
elasticity, in 200,000 O [ ‘2 DR PR PR IR P A
pounds per 200,000 to
square inch 2 x 108
Ookasiva stranoth & ¢35 100 v (V4 vV
LUNTBIVE SiTCigui, U W oivy PR (R P U P £ (i N I
in pounds per 100 to
square inch >1500
Angle of internal | _ 10 to 20 I DR " A I I A
friction, in degrees 20 to 65
Dry density, in | 70 to 110 Vi _____ vyl
pounds per cubic
foot 110 to 160
Potential swell, | 31015 R A A R AR A
in narcentage 1ta 3
in percentage Tt 3l
Natural Moisture 20 to 35 _{___________}/___________
content, in
percentage 5-15
Coefficlent of 10-% to
permeability, in 10710 v VoY
centimeters per s R I
second >10
Montmoril-
Predominant clay lonite or Y v’
: Llite N P R RN SRS SENNSIRUIN DR DR,
minerals Kaolinite &
Chlorite
Activity ratie | (oo, o Vv
= Plasticlty index 035t00.75 |~ T
Clay content
Reduces to
Eraa: . PR . _ \/ \/
Wetting and grain sizes R DR DU PN U AN SUN SR (R
drying cycles Reduces to
Flakes
Closely ) W) R L/
Spacing of Spaced e Y e o s X e~ 2 O
rock defects Widely
Spaced
Adversely ’ ’ /
° Orientation of Oriented [ D "2 N A ‘20 A PO P A
rock defects Favorably
Oriented
>Exigting
Existing
Over-
burden . . ;
State of stress Load _____‘___\/____V_________Y_
=~ Over-
burden
Load

(Courtesy of L. B. Underwood, “Classification and Identification of

Chaloc "
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No. SM6, 1967, pp 97-116. Reprinied by permission of American
Society of Civil Engineers, New York.)
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Table 3-8. Physical Properties of Various Shales

Compres-
sive Modulus of | Cohesion Angle of Dry
Name of Shale strength, | Elasticity, | in pounds mtornal | Density, in | Fotential | Natural | Predominant| ,cyiyyy
Formation, Age, Locality | in pounds | in pounds per | per square Friction, | pounds per S:‘; ilrit:lane Mo:::::g‘: Mi‘xllle?;ils Ratio
per square | square inch inch in degrees | cubic foot pe £ pe
inch
) (2) (3) (4) (5) (6) (7) (8) ) (10)
Bearpaw, Cret., Canada filite,
Weathered- | 17 to 84 7500 306 6 to 20 85-95 0.5%-2% | 291036 | Montmoril-} 03010
Unweathered- | 154-406 18,000 22 30 95-108 5%-20% | 19 to 27 Mixed-layer | >1.5
Pierre, Cret., _ _ _ _

So. Dakota 70-1400 (20,000-140,000 [ 2 to 30 8-25 95-110 3% to 5% | 18 to 27 do 0.3t0>2
Ft. Union, Tert. .

No. Dak:)ta ’ 70-1050 [11,200-56,000 10 20 95-115 2% (?) 16-24 Nlite —_—
Pepper, Cret., Texas 28-70 - 2-6 7-14 110 - 20% nrlcﬁuh:ft:t' 1.2
Del Rio, Cret., Texas 56-154 1-8 19-28 119 - 17% | plite,Kaos | 10

, .
Trinity, Cret., Texas 30-170 | 2,400-33,000 0-7 26 115-133 11-17%
Taylor, Cret., Texas 250-550 | 6,000-20,000 | 1.5-25 8-30 112-118 _— 15%-18% S _—

[ Silty Clayey 210 1,000,000 56 23 138 9.1
Composite
Cyclothem Carbonaceous 4165 1562 16
of Penn-
cvivanian
sylvanian
Shales -] Clay Bonded 2084 931 7 -
(Eastern
Ohio and Clayey
Western Ferruginous 1661 488 29 -
Penn.)
L Sandy 3674 486,500 1600 9
Niobrara,
Calc. Sh.,Cret., Colo. Llite, Beid.
Kaolinite,
Mowry, Cret., Coio. Chlorite
lite
Graneros, Cret., Colo. ];;;1_‘1'8;1;;’
Morrison, Jura, Colo Mont., Illite
Laramie, Cret., Colo. Ilite, Beld.
Mauv, Calc. Shale, 6
Cam.. Utah 5220 2.3x 10 1,160 64 164 - 2% -
Quartzose Sh., ° i5 65 4%
Cam., Utah 17,770 2.3 x 10 3,390 45 165 —_— -— -
1 Ton/sq. ft. = approx. 14 lbs. per inch?
1 1

(Courtesy of the American Society of Civil Engineers)

£°doyd 'g-gg W4V/L-818-S W1



4-1. Investigational programs. Field inves-
tigations can be divided into two major phases, a sur-
face examination and a subsurface exploration:
Subsurface Exploration
Preliminary
Natailed

elane

Surface Examination
Documentary evidence

Field reconnaissance

Local experience
a. Documentary evidence. The loglcal and necessary
first step of any field investigation is the compilation
of all pertinent ‘information on geologlcal and soil con-

ditions at and in the vicinity of the site or sites under

nhlo 41 vnog
iable4-1. 2

consideration, including previous excavations, materi-
al storage, and buildings. Use table 4-1 as a guide to
sources and types of documentation.

b. Field reconnaissance. A thorough visual examina-
tion of the site and the surroundmg area by the
foundation engineer is essential. This acuvny ay be

- . 3 £

mmemaliin 0] il o nncsesrncr AR Vannl . ML £:.11
Culllplilea it & Surv y 01 10Ccai1 expericnce. 1lie lieiua
reconnaissance should include an examination of the

18sance should inciude an examination o1 tne

following items
(1) Exzstmg cuts (either natural or man-made).
Railway and highway cuts, pipeline trenches, and

w
‘m
=}
k=]
=
Q
k=l
=
~d
&
g

Sources

_Types
Topographic, soil, drift
(overburden), and bedrock

a1 ko
local, sta

Surface and subsurface
mining date, present and

11ng da

past

mining groups

Aerial photographs, Conti-
ental U. S,

- T - - P s ] e

Aeriasl photographs, county U. S. Soil Conservat
local or district office

and state areas

Local experience

agencies

Boring logs, water-well
con 1 T

records, and constructio
records

o

vate concerns

Hydrological and tidal data State agencies, river boards,
U. S. Coast and Geodetic Sur-

..... National Weather
ey, u.nu hwavionai

te, Federal, and uni-
versity geologic and agricul-
maps tural organizations

U. S. Bureau of Mines and State

U. S. Government Printing Office

ion Servi

Technical journals and published
reports; professional soci=~
eties; universities;

and state

State Building Commission, City

HBLL, quL\by qulb nuubc, pll-

weauver

These maps provide in
of land, faulting (te
material types

Such data help locate subsurface
shafts and surface pits. The pres-
ence of cavities in the foundation
must be known. Current and even old
workings may represent material

sources for construction. In addi-
tion, surface pits near site may pro-
vide opportunity to observe stratifi-
cation of fourdation and allow taking
of disturbed samples

Aerial photos offer a valuable means of
establishing some insight into the

nature of foundation scils (2) and

also expedite familiarization with
the lay of the land

o
o

May include considerable boring data,
test data, and descriptions of
problems in construction

bro

Some of these types of information can
usually be obtained for existing
public buildings and facilities.
Private firms may cooperate in pro-

viding limited data

Flood history, grourdwater levels, and
tidal data indicate protective meas-

ures rcquxrcu uur1(15 unu BL LCX‘ Ccon-

Service struction. Any groundwater informa-
tion may aid in dewatering facilities
and safe excavation slopes

U. S. Army Corps of Engineers
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walls of river or stream valleys may reveal stratigra-
phy and offer opportunities to obtain general samples
for basic tests, such as Atterberg limits and grain-size
analysis for classification.
{2) Evidence of in situ soil performance. A study
of landslide scars contributes greatly to the design of
excavation slopes; it may indicate need for bracing or
uggest slope maintenance problems because of
groundwater seepage. Evidence of general or localized
subsidence suggests compressible subsoils, subsurface
cavities, or ongoing sink-hole formations as in areas of
limestone formations or abandoned mine cave-ins.

1 o ale . + hadwanly
it SCarps Or Coin uuuuu Cradl L UCUrivin
ts

mente or mass soil movem

AT 1205 ARAGATS SNSas aaa Tl

<D

(3) Existing structures. Careful observation of
damage to existing structures, such as cracks in build-
ings (or poor roof alignment), misaligned power lines,
pavement conditions, corrosion on pipelines, or ex-
posed metal andior wood at water lines, may suggest
foundation problems to be encountered or avoided.

(4) Groundiwater. The extent of construction de-

watering may be anticipated from factors such as the
general water level in streams, spring lines, marshy
ground, and variations in vegetal growth. The effects
of lowering the water table during dewatering on sur-
rounding structures, as well as pobentiai environmen-

~1 o0 _L P Uy 6 [ P Sy [ D U
, should be appraised in a preliminary man-

inaca nvnh‘ome ]1](01\1 fn }'\a anr\n“nfﬂv‘or‘ as a
1iTL. ialiagec pi Tiiio

result of topography, confmed working space, or in-
creased runoff onto adjacent property should be noted.

(5) Availability of construction materials. The
availability of local construction material and water is
a major economic factor in foundation type and de-

sign. Possible borrow areas, quarries and commercial
and a"oﬂa}“hfv nf' wator Sheuld be

Yauvo

atavrial enurnac
maueria: sgurces, ana

(6) Site access. Access to the site for drilling and
construction equipment should be appraised, including
the effects of climate during the construction season.

(7) Field mvestzgatwn records bonsmermg me

value and possible complexity of a

a wall ant gaat af natoc ic o nonoee;f‘y A ramara chanld
Q@ WCTLITATP U STUL Ul 1IULCS 15 d 1LITLTSSEiYY - 42 Laiulid Siivuiu

be used to supplement notes and to enable a better re-
call and/or information transfer to design personnel.

c. Local experience. Special attention should he
given to the knowledge of inhabitants of the area.
Farmers are generally well informed about seasonal
changes in soil conditions, groundwater, and stream
flood frequencies Owners of adjacent properties may

PR3]

be abie to iocate filled areas where old pOl’l(lS 1axes or
£ Adamanll

Ar wrhawna fannndatinn A
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ralla ha ha £i11.3
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ished structures are buried.
d. Preliminary subsurface exploration. The purpose
of preliminary subsurface explorations is to obtain ap-

proximate soil profiles and representative samples

a M
LD

from principal strata or to determine bedrock or strati-
graphic profiles by indirect methods. Auger or split-
spoon borings are commonly used for obtaining repre-
sentatives samples. Geophysical methods together
with one to several borings are often used in prelimi-
nary exploration of sites for large projects, as they are
rapid and rplahve]v chean Procedures for geophysical
exploratlon are descrlbed in standard textbooks on
geotechnical engineering. Borings are necessary to es-
tablish and verify correlations with geophysical data.
Preliminary reconnaissance explorations furnish data
for planning aenauea and spe01a1 explorauon of siies

be adequate also for foundation design of small ware-
houses, residential buildings, and retaining walls locat-
ed 1n localities where soil properties have been reason-
ably well established as summarized in empirical ruies
of the local building code.

e. Deiailed subsurface explorations. For important

Ao anhooswfans  Ane

nanatiradiae ~ o v Asdinsma I |
LULIDLI UL LIVIE, LULLIPITA  dubdulialce  Luliuiuvils, auu
cases WhDV‘D nrp]nn\narv QlthllY ace pvnlnraﬁr\ne nrn.-
La=cS AaCLT pattiiiiiiiial Sl iGLUT TApLRUVIQUIVILS iy

vide 1nsuff1c1ent data for design, more detailed investi-
gations are necessary. The purpose is to obtain de-
tailed geologic profiles, undisturbed samples and cores
for laboratory testing, or larger and fairly continuous
representative sampies of possibie construction mate-
rials. Test pits and trenches can be used to depths of
15 to 25 feet by using front-end loaders or backhoes at
a cost that may compare favorably with other meth-
ods, such as auger borings. Test pits allow visual in-
spection of foundation soils; also, high-quality undis-
turbed block samples may be obtained. Continuous
(4‘/2 to 5-foot intervals) sampiing by means of open-

......... ~ e Lot Yt L] O Y
drive, piston, or core-boring samplers is used for deep-
or ovn]nvofn'\ne Panatratinn eniindina ar in citn tacte

AVLQUIVIIS. 4 THT U AUIViL, SUULIUILLLE Ul 111 SItU WO L,

ducted dependmg on sampling difficulty or desired in-
formation.

A_9 QCall harinma nrasram
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a. Location and spacing. Borings spaced rigid
nattarn oftan do not diselasa nnfavarahla cihenrfacs
Pavwn A1 VIULUIl UV 11UL UlIDLIVUODCT Jdlliavuiawic ouuouliavc
conditions; therefore, boring locations should be se-

1
lected to define geolo cal units and subsurface non-
conformities. Borings may have to be spaced at 40 feet
or less when erratic subsurface conditions are encoun-
tered, in order to delineate lenses, boulders, bedrock ir-
regularities, etc. When localized buiiding foundation
areas are explored, initial borings should be located
near building corners, but locations should allow some
final shifting on the site. The number of borings
should never be less than three and preferably
five—one at each corner and one at the center, unless
subsurface conditions are known to be uniform and the



foundation area is small. These preliminary borings
must be supplemented by intermediate borings as re-
quired by the extent of the area, location of critical
loaded areas, subsurface conditions, and local practice.

b. Depth of exploration. The required depth of ex-
ploration may be only 5 to 10 feet below grade for resi-
dential construction and lightly loaded warehouses
and office buildings, provided highly compressible
soils are known to not occur at greater depths. For im-
portant or heavily loaded foundations, borings must
extend into strata of adequate bearing capacity and
should penetrate all soft or loose deposits even if over-
lain by strata of stiff or dense soils. The borings should
be of sufficient depth to establish if groundwater will
affect construction, cause uplift, or decrease bearing
capacity. When pumping quantities must be estimat-
ed, at least two borings should extend to a depth that
will define the aquifer depth and thickness. Borings
may generally be stopped when rock is encountered or
after a penetration of 5 to 20 feet into strata of excep-
tional stiffness. To assure that boulders are not mis-
taken for bedrock, rock coring for 5 to 10 feet is re-
quired. When an important structure is to be founded
on rock, core boring should penetrate the rock suffi-
ciently to determine its quality and character and the
depth and thickness of the weathered zone. Rock cor-
ing is expensive and slow, and the minimum size
standard core diameter should be used that will pro-
vide good cores. NX or larger core sizes may be re-
quired in some rock strata. Core barrels can remove
cores in standard 5-, 10-, and 20-foot lengths (actual

TM 5-818-1/AFM 88-3, Chap.7

core may be much fractured, however; see para 2-6).
Detailed exploration should be carried to a depth that
encompasses all soil strata likely to be significantly af-
fected by structure loading. If the structure is not
founded on piles, the significant depth is about 1% to
2 times the width of the loaded area. An estimate of
the required depth can be made using the stress influ-
ence charts in chapter 5 to find the depth such that

Aq < 0.1q, (4-1)

where Aq represents an increase in strata stress and q
is the foundation contact pressure. Note that in the
case of a pile foundation, stresses are produced in the
ground to an appreciable depth below the tips of the
piles. Procedures to obtain Aq apply as for other foun-
dations. This depth criterion may not be adequate for
complex and variable subsurface conditions.

c. Plugging borings. All borings should be carefully

plugged with noncontaminating material if—

(1) Artesian water is present or will be when the
excavation is made.

(2) Necessary to avoid pollution of the aquifer
from surface infiltration, leaching, etc.

(3) Necessary to preserve a perched water table
(avoid bottom drainage through borehole). '

(4) Area is adjacent to stream or river where flood
stage may create artesian pressure through the bore-
hole.

d. Sample requirements. Table 4-2 may be used as a
guide for required sizes of undisturbed samples, and
table 4-3 for general samples. The sampling program

Table 4-2. Recommended Undisturbed Sample Diameters

Test

Unit weight
Permeability
Consolidation

. . a
Triaxial compression
Unconfined compression

Direct shear

Minimum Sample Diameter, in.
3.0

3.0
5.0
5.0
3.0

5.0

2 Triaxial test specimens are prepared by cutting a short
section of 5-in.-diam sample axially into four quadrants and

trimming each quadrant to the proper size.

Three quadrants

provide for three tests representing the same depth; the
fourth quadrant is preserved for a check test.

U. S. Army Corps of Engineers

4-3
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formed.

lesv A_nv method of taking
and removmp.r a sample results in a stress change, pos-
sible pore water change, and some structure alteration
because of displacement effects of the sampler. Care-

ful attentlon to detalls and use ot proper equlpment
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A, = et x 100 percent (4-2)

WIICIY
D, = outside diameter of sampler tube
D; = internal diameter of the cutting shoe
through which the sample passes (com-
monly the cutting edge is swedged to a
lesser diameter than the inside tube wall
thickness to reduce friction)

The area ratio should be less than 10 percent for undis-

turbed enmnhng Undisturbed samples are {‘nrnmnnlv

taken by thin-wall seamless steel tubmg from 2 to 3
inches in diameter and lengths from 2 to 4 feet. Undis-
turbed samples for shear, triaxial, and consolidation
bestmg are commonly 3 inches in diameter, but

5-inch-diameter samplies are much preferred. An indi-

(‘:‘tion of sample quality is the recovery ratio, L., de-
;“A{‘ ag I\]‘{\Il'e

A41iTU AO LVILIUYY O

. ey PR S § P WS-, EoSy RS, H U ) iy [ e ey
A vaiue 1 Lir N 1 11AI1C4dLeS Uldu Ul sailplie das CoIll-
pressed or lost during recovery, and L. > 1 indicates

that the sample expanded during recovery or the ex
cess soil was forced into the sampler.

(2) Representative samples. Samples can be ob-
tained by means of auger or drive-sampling methods.
Thick-wall, solid, or split-barrel drive samplers can be
used for all but gravelly soils. Samples taken with a

Table 4-3. Recommended Minimum Quantity of Material for General Sample Laboratory Testing

Test

Water content
Atterberg limits
Shrinkage limits

Specific gravity

Grain-size analysis
Standard compaction
Permeability
Direct shear

4-in.-diam consolidation
1.4-in.-diam triaxial (4 points)
2.8-in.-diam triaxial (4 points)

iam

=

Minimum Sample Requlred
1b (Dry Welght)

-l
o

.

o O o O
wn NN

NN O
oS O O

Discuss with laboratory

“ Fine grained (all minus No. 4 sieve).
4 sieve sizes, the sampling requirements should be discussed with

0.
he laboratory.
h
r

obtained. Close coordina

e btained
ssential.

U. S. Army Corps of Engineers
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For material containing plus

In the final analysis, it is the respomsibility of
e engineer requesting the tests to ensure that adequate size samples
tion with the testing laboratories is

=== =°To
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preferably 3 inches or more in diameter. Where loose
sands or soft silts are encountered, a special sampler

with a flap valve or a plunger is usually required to
hold the material in the barrel. A bailer can be used to
obtain sands and gravel samples from below the water
table. Split-spoon samples should be used to obtain re-
presentamve samples in all cases where piles are to be

Serar 4hn An alhacinmlaca mmataniale miiad o

€en or Lllb‘ ucuau,y Ul COIES10MIess Mmateriais must oe

o oo s NPT .

4-3. Field measurements of reiative den-
o a _ _ _ _e_ _

sity ana consistency.

a. Standard Penetration Test (SPT). This test is of
practical importance as it provides a rough approxi-

a L 3. __ . ML 14 ot T A i) O

D€ ariven. ine Spiit SpooI 1S usudlly ariven a rotdl o1
18 inchog: tha nanatratinn recictanco ic hacad an tha
1O INCNEs; tne peneilration resisiance 1s daseéad on une
last 12 inches—the first 6 inches being to seat the

o

be
sampler in undisturbed soil at the bottom of the bor-
ing. “Refusal” is usually taken at a blow count of 50
per 6 inches. (Commercial firms will usually charge an
increased price per foot of boring when the blow count
(N value) ranges from greater than 50 to bU blows per

4

A+¥a] A ; .
in nd with ¢ in figu :
but $ values above 35 d ho ld not be qud for

design on the basis of thes
unique relationship between N-values and relative
density (Dg) that is valid for all sands. The SPT data
should be correlated with tests on undisturbed samples
on large projects.

b. Cone penetration tests. In this test, a cone-shaped
penetrometer is pushed 1nto the soil at a slow constant

_________________ 4 e

the most popular. The penetration resistance had been
correlated with relative density of sands and un-

drained shear strength of clays.

c. Vane tests. The in situ shear strength of soft to
medium clays can be measured by pushing a small
four-blade vane, attached to the end of a rod, into the
soil and measuring the maximum torque necessary to

start rotation (shearing ofa cylinder of soil of approxi-

mately the dimensions of the vane blades). The un-
Awainad ah bmnmaeth o ie nnrmmiibad fanms dhis
uraiiicu »sil pulca 1101 uild>
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(Courtesy of the American Society of Civil Engineers, “Task Committee for

Foundanon Design Manual of the Committee on Shallow Foundations,”
Journal, Soil Mechanics and Foundations Division, No. SM6, 1972.)

Figure 4-1. Relative density of sand from the standard penetration test.
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where
A = Aiamatar nf vanac
u — Uiailiciwccl vi vaiico
h = height of vane
w = 2/3 for uniform end-shear (usual assump-
tion) distribution

= 3/5 for parabolic end-shear distribution

= 1/2 for triangular end-shear distribution
The vane shear is best adapted to normally consolidat-
ed, sensitive clays having an undrained shear strength
of less than 500 pounds per square foot. The device is
not suitable for use in soils containing sand layers,
many pebbles, or fibrous organic material. Vane tests
should be correlated with unconfined compression
tests before they are used extensively in any area.
Strength values measured using field vane shear tests

P R % B TR J [PRVS IY J S Y . PPy SR ey A
should be corrected for the effects of anisotropy and
strain rate using Bjerrum’s correction factor, A, shown

in figure 4-3. This value represents an average and
should be multiplied by 0.8 to obtain a lower limit. The
correction is based upon field failures.

d. Borehole pressuremeter test. A pressuremeter
can be used to obtain the in situ shear modulus and/or
K.. Several versions of the device exist including self-
boring equipment, which tends to avoid the loss of K,

conditions caused
&

Awillad and than
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subiect to wide
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be employed in ¢ onventlonal vestl atlons

4-4. Boring logs. The results of the boring pro-
gram shall be shown in terms of graphic logs of boring.
The logs of borings shaill be prepared in accordance

wurith ogavarnmantal gtandardas

Willl pUVCLiilliciildl saliualus,

A tuninal Tag Af hanine

A vypical 10g 01 OOTing

is shown in figure 4-4.

4-5. Groundwater observations. In many
types of construction it is necessary to know the posi-
tion of the groundwater level its seasonal variations,

+lan I ma
the water pressures In pe
denths. Possible futur

T viad. 4 USSIVAT duvuaaT

tions, such as those resultmg from 1rr1gat10
voir construction, should be anticipated.

a. Boreholes. With many fine-grained soils it may
be necessary to wait for long time periods before water
table equilibrium is reached in boreholes. Observations
made in a borehole during or shortly after drilling may

be misleading. Even with pervious soil, a water level
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(Courtesy of J. H. Schmertmann, “The Measurement of In
Situ Shear Strength,” Proceedings, Conference on in Situ
Measurement of Soil Properties, Raleigh, N. C., Vol 2, 1975,
pp 57-180. Reprinted by permission of the American Society
of Civil Engineers, New York.)
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reading should be taken 24 hours or more after drilling
is stopped. Water level readings obtained in drill holes
should be shown on the boring log with the date of the

reading and the date when the drill hole was made.

b. Piezometers. Piezometers provide an accurate
means for determining the groundwater level over a
period of time. In pervious strata, a temporary piezo-
meter may consist of a section of riser pipe, the open

TAA F 098 T /ANaAL A6 A ML T
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mined should be sealed off with well-tamped clav or ce-
..................... edofft w ell-tamped clay or ce

ment, or chemical grout. In e'ranular soils where a
more permanent system is desired, a 2-foot section of
well-point screen can be attached to the bottom of the
pipe. A well-point screen should be selected that will
prevent entrance of foundation materials into the

Screen, or e Se Sulmble Iut,er material Snould De used.
Far all niasnmatore cnal +tha +tan ontraw ) £and Lnlaee.
L0 au pIiEZomeders, sea: ineé Lo0p Severalr ieet oeiow
oround surface around the riser nine ta nrevent infil.
ground suriace around the riser pipe to prevent infil
tration of surface water. In granular soils, the riser

pipe is normally about 1‘/4-mch inside diameter and
generally made of plastic. In cohesive soils, a Casa-
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TION FACTOR, ¥
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(Courtesy of L. Bjerrum, “Embankment on Soft Ground,

”

Proceedings, Conference on Performance of Earth and Earth-

Supported Structures, Purdue University, Lafayette, ind., Voi 2,

1975. Reprinted by permission of the American Society of Civil
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Engineers, New York.)

Figure 4-3. Correction factor for vane strength.
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grande-type piezometer (fig 4-5) is recommended. The
water level in the piezometer is determined by means
of a plumb line or sounding device. If the piezometric
level is above ground surface, a manometer or a Bour-
don gage can be connected to the riser pipe to greatly
decrease the time for equilibrium to be achieved. If
ranidlv r-hnnmno' nore water nressures in clav are to he

Spatas)y Lalalipasd e WWELTL pATISWITS dL LGy _iT

determined, use closed system piezometers.

¢. Field pumping tests. Where accurate knowledge
of the permeability of the foundation soils is neces-
sary, field pumping tests offer the most reliable
means. A rough estimate of the average permeability
of the material around the bottom of a cased drill hole
may be obtained by iowering or raising the water ievel
in the casing and observing the rise and fall of the wa-

tor lavel ag a functinn of time with ragnact tn the stahi.
i€VEeL as a Tunclicn of Uime wiln respect ¢ the siant

lized piezometric water level (TM 5-818-5/AFM 88-5,
Chapter 6, para 38). A field pumping test is best per-
formed by pumping from a well in which a constant
flow is maintained until the drawdown has stabilized,
and when groundwaber levels are measured at several

) FUE
remote D()rlllgb or plezomewrs 1t 18 uesxrame Lﬂﬂl, weu

anvansne fully nonatrata the ctrata far ny‘-nnln +
SULTCTIIS 1un)y plucuar wiC sSuava 10X vailn Wune

permeability is to be measured. Formulas for comput-
ing the overall permeability of a pervious stratum ex-
hibiting gravity or artesian flow are shown in figure
3-5. The formula for the special case of a fully pene-
trating well and artesian aquifer is given as an exam-

.
P

t M
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APPROX 3’
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24"

a. CASAGRANDE PIEZOMETER

U. S. Army Corps of Engineers

I 3/8-IN. 1D SARAN STANDPIPE
1

-w+H— RUBBER STOPPER

ple in figure 4-6. Methods for performing field pump-
ing tests are described in TM 5-818-5/AFM 88-5,
Chapter 6.

4_4 In altnn Innal taete, 1 0ad tests are commonly

e wraw rer iiiiaaasay

made on test piles to confirm design capacity and may
occasionally be used to determine bearing capacity and
settlement characteristics. In general, specialized
equipment and procedures are required to perform
load tests and considerabie judgment and expertise
must be employed to interpret results. Plate load tests

aro nercacinnally nead far haaring rananituy datarmina,
QiU ULLQAUDAVIIGIL ) UOUWU iVL UTGLILE VANGULILY UT LTl Liaa”

tions.

4-7. Geopiysicai expioration. Geophysical
methods of subsurface exploration are well suited for

laroa gitag dne tn tha incraacing cnet af harinae Tahla
1alge Sies QUe Lo Lag Inlreasing COo5u O OOrings. 1ac:t

4-4 summarizes those geophysical methods most ap-
propriate for site exploration. These methods are use-
ful for interpolation between borings. Geophysical
data must be used in conjunction with borings and in-
terpreted by qualified experienced personnel, or mis-
leading information is almost certain to result. The

two most or\nhnolf\ nnnnkvnnno] athnade far avnla
VO MOST app:iiCat:e geopnysica: meunsas ior €Xpilri Aus

foundations currently in use are seismic refraction and
electrical resistivity. Information secured by seismic
refraction is primarily depth to bedrock and delinea-
tion of interfaces between zones of differing velocities.
An electrical resistivity survey is superior in differ-

N
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Figure 4-5. Tvpical details of Casagrande piezometer and piczometer using well screen.
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Name of Method

Procedure or Principle Utilized

physical Methods

Applicability

Seismic methods;

Refraction

Continuous vibration

Resistivity

Drop in potential

A coustic method

Based on time required for seismic waves to travel from source
of blast to point on ground surface, as measured by geophones
spaced at intervals on a line at the surface. Refraction of seismic
waves at the interface between different strata gives a pattern of
arrival times vs distance at a line of geophones.

The travel time of transverse or shear waves generated by a
mechanical vibrator consisting of a pair of eccentrically weighted
diskas is recorded by seismic detectors placed at specific distances
from the vibrator.

Based on the difference in electrical conductivity or resistivity of
strata. Resistivity of subsoils at various depths is determined by
measuring the potential drop and current flowing between two cur-
rent and two potential elecirodes from a batiery source. Resis-
tivity is correlated to material type.

Based on the determination of the ratio of potential drops between
three potential electrodes as a function of the current imposed on
two current electrodes,

The time of travel of sound waves reflected from the mud line be-
neath a body of water and a lower rock surface is computed by pre-
determining the velocity of sound in the various media,

Utilized to determine depth to rock or other lower stratum sub-
stantially different in wave velocity than the overlying material.
Used only where wave velocity in successive layers becomes
greater with depth, Used to determine rock type, rock and soil
stratification, depth of weathered zone, etc.

Velocity of wave travel and natural period of vibration gives some
indication of soil type. Travel time plotted as a function of dis-
tance indicates depths or thicknesses of surface strata, Useful
in determining dynamic modulus of subgrade reaction and obtain-
ing information on the natural period of vibration for design of
foundations of vibrating structures.

Used to determine horizontal extent and depth of subsurface strata,
Principal applications for investigating foundations of dams and
other large structures, particularly in exploring granular river
channel deposits or bedrock surfaces, sources of construction
material, potential infiltration and seepage zones, and in cavity
detection,

Similar to resistivity methods but gives sharper indication of
vertical or steeply inclined boundaries and more accurate depth
determinations., More susceptible than resistivity method to
surface interference and minor irregularities in surface soils.

Currently used in shallow underwater exploration to determine
position of mud line and depth to hard stratum underlying mud,
Method has been used in water depths greater than 100 feet with
penetrations of 850 feet to bedrock. Excellent displzy of subsur-
face stratification., Used most efficiently in water depths up to
50 feet with penetrations of additional 350 feet to bedrock.

Note: Instrumentation for methods listed above currently available at WES,

May be furnished as a service to Districts and Divisions on request. Table adapted from

"Design Manual, Soil Mechanics, Foundations, and Earth Structures,' Department of the Navy, Bureau of Yards and Docks.

L°doy) 'e-88 WiV/1-818-S WL
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entiating between sand and clays. Both methods re-
quire dlstmct differences in propertles of foundation
- mL

c+
5
=
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strata m 11ective. 1ne remauvuy IIl
varnitirag o high racictivity rantract hatwaan matoriale
1cquuca a lllsll 1TOIDULIV1L LULILLIAdSL UTULYYOT1L 1ii1avliiaig
being located. The seismic method requires that the

contrast in wave transmission velocities be high and
that any underlying stratum transmit waves at a high-
er velocity (more dense) than the overlying stratum.
Some difficulties arise in the use of the seismic method
if the ur!ace terram and/o layer mterlaces are steep-

4-8. Borehole surveying.

- (2 1 U0 j 243

lating subsurface soil and rock stratification and in
providing quantitative engineering parameters, such
as porosity, density, water content, and moduli. Once a
boring has been made, the cost of using these tools in
the borehole is relatively modest. Different devices
currently in use are summarized in table 4-5.

a. Downhole surveving devices can be used in corre-
nno veying aevices can pe used 1n corre

< PR |

b. These devices can allow cost savings to be made
in the exploration program without lessening the qual-



TM 5-818-1/AFM 88-3, Chap.7

Table 4-5. Borehole Surveying Devices

Device® Measurement Obtained Primary Use

Electric logging

Spontaneous potential Natural voltages between Differentiating be-

(SP) fluids in materials of tween sands and
dissimilar lithology clays
Single-point Resistance of rock adja- With SP log provides
resistivity cent to hole good indication of

subsurface strati-
fication and soil

type
Multiple-point Resistivity of Determination of mud
resistivity formations infiltration and

effective porosity
Radiation logging

Gamma Natural gamma radiation  Identification of
of materials clay seams, loca-

tion of radioactive
tracers, and with
SP and resistivity
logs provides in-
formation on rela-
tive porosity

Neutron Hydrogen atom Determination of
concentration moisture content
and porosity below
zone of saturation

porosity
Gamma-gamma Gamma radiation Correlates with bulk
absorption density and useful

to determine poros-
ity if grain spe-
cific gravity 1is

known
Sonic logging
Acoustic Travel time of primary With caliper and den-
velocity and shear wave sity logs determine
velocities dynamic elastic and
shear moduli of in
situ rock

(Continued)

# All devices currently available at WES. May be furnished as a service

to Districts and Divisions on request. (Sheet 1 of 3)
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Table 4-5. Borehole Surveving Devices—Continued

Y |
Device

Measurement Obtained

Primary Use

Sonic logging
(Continued)

Acoustic
Imagery

Fluid logging

Temperature

Fluid resistivity

Trace ejector

Fluid sampler

Visual logging

wvLiCOoLVy

Borehole camera

4-14

Reflected acoustic
energy

Temperature gradient
in borehole

Electrical resistance of

borehole fluids

Controlled ejection of
trace elements

Borehole or formation
fluid from predeter-
minded depths

Vicua
sidewalls of a bore-
hole to depths of 100
ft or less--a peri-
scopic instrument

1 image of the

Photograph of a 360 deg
sweep of the borehole
wall taken approxi-

mately at right angles

to the wall. Expo-
sures timed so that

slioht overlan of each
slight overlap of each

photograph is obtained

(Continued)

Locate fractures and
voids and strike
and dip of joints,
faults, bedding
planes, etc.

Determine geothermal
gradient and defi-
nition of aquifers

With temperature data
the determination
of dissolved
solids--locate
zones of water loss
or gain

Groundwater flow
patterns

Uncontaminated sam-
ples for water
quality studies

id examina-
borehole

Examination of bore-
hole conditions,
bedding, joints,
etc.

(Sheet 2 of 3)
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Table 4-5. Borehole Surveying Devices—Continued
~ . a e e Ale . e 3 TSR { P
Device Measurement Obtained Primary Use

Visual logging
(Continued)

Downhole camera

Borehole television

Borehole surveyor

Photograph of the side- Examination of bore-

walls of the borehole hole conditions,
taken from the bottom bedding, joints,
of the camera. Several etc.
feet of hole below de-
vice taken with each
exposure

Image of the sidewalls Rapid examination of
of the borehole dis- borehole conditioms
played at the time of as the device is
exposure on a surface lowered or raised
monitor

Borehole size Washouts, fractures,

etc., needed for
interpretation of
other logs

Downhole directional
survey attitude of fea-
Frrwvaao -

ad
cu vu
o

U. S. Army Corps of Engineers
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Ll APDTED
CHAPTERS
CrveYl FAAFAL A Al wvere
SETTLEMENT ANALYSES
5-1. Settlement problems. uniformity of foundation soils, the stiffness of the
structure and its foundation, and the distribution of
a. Significant aspects of the settlement101 strucj— load within the building. In conventional settlement
tures are total ﬁsetlmtepmenn—r]nagm]tuae ot %‘_’;’V“W"‘m analyses of the type described in this manual, the stiff-
movements—and differential settlement—difference ness of the building and foundation are not considered.
in settlements at different locations in the structure ar distortions are listed in table 5-2
T e " b oo ta Tolerable angular distortions are listed in table 5-2,
Table 5-1 lists conditions that cause settlements and empirical correlations that may be used to esti-
which occur during construction and result in only mi- mate probable angular distortions based on calculated
nor problems and postconstruction settlements which maximum settlements are summarized in table 5-3

occur after a structure is completed or after critical
features are completed. Differential settiements dis-

N i " A i 1 P | PR Py R
tort a structure. A structure can generaliy tolerate
large uniform, or nearly uniform, settlements.

(1) T}ltmg is unsightly. A tilt of 1/250 can be dis-
tinguished by the unaided eye

(2) Moderate differential settlement causes crack-
ing and architectural damage. With increasing differ-
ential settlement, doors and windows may become dis-
torted and not open and close properly Larger d
ential settlements may cause floors and stair

AAnTA A TIRaUAT an A tunsanharnang

become uneven and treacherous an
At this noint. the

4av vaaaS puUdsiy,

been seriously 1mpalred.

(3) Severe differential settlements may impair
structural integrity and make structures susceptible to
collapse during an earthquake or other major vibra-
tion.

ter.
el

{4) If a structure settles relative to the surround-
ing ground, or the ground settles relative to the struc-
ture, entryways may be disrupted, and utility lines
may be damaged where they enter the structure.

¢. Even if settlements are uni form or nearly so,

problems:

(1) Sites located near a river, lake, or ocean may
flood during periods of high water.

(2) Surface drainage may be disrupted If water
ponds around and beneatn structures, they may be-

Ndawr and wn ...
mildew and wood rot.

for estimating the

Y oF SR T | ~ ) PR ~at  Anrion
magmtuaes of differential settlement that cause
cracking of architectural finishes, such as plaster,
stucco, and brick facing. Differential settlement is best

expressed as the angular distortion in radians between
two points. Angular distortion, which always accom-
panies settlement of a building, is determined by the

Because of the natural variability of soils, dlfferential
settlement will occur though total settlements are cal-
culated to be uniform. An indirect means for control-
ling differential settlement is to limit total settiement

> JPUNES RPN JRUURY G DRPI Ry R | o~ 11 aan ne Fava
to 3 inches for structures on clay and to 1'% inches for
atviintiivrac nn cand
DUL UL LULITO VUil Salliu.

5-2. Loads causing settlement.

a. Loads causing settlement always include the esti-
mated dead load and a portion or all of the live load.
For office buildings, about 50 percent of the estimated

bu11d1ng uve load may be assumed to cause s settiement.
. A

ement.-

CiiiTiaa

. occurring
during a part of the constructlon penod must be com-
puted. This may require additional stress computa-
tions for partial loading conditions.

c. Loads that are less than the preconsolidation
stress cause minor settlements because only recom-
pression of soil occurs. The increment of loading that
exceeds the preconsolidation stress causes relatively

: ,sohdatlo tresses is essentlal
for settlement analyses Means for estimating such
stresses are given in chapter 3.

5-3. Stress computations.

ny VoS WY L Y U PRSI S

a. une oI tne IIrst steps 111 d Sellieielll aldiysis 1S
computation of effective overburden stresses in the
soil before and after loading. The initial stress pi at

any depth is equal to the effective weight of overlying
soils and may be determined by multiplying the effec-
tive unit weight of the soil by its thickness. It is custo-
mary to construct a load-depth diagram by plotting

5-1
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Table 5-1. Causes of Settlement

Cause

Comment

Compression of foundation
soils under static loads.

Compression of soft clays
due to lowering ground-
water table.

Compression of cohesionless
soils due to vibrations.

Compression of foundation
soil due to wetting.

Shrinkage of cohesive soils
caused by drying.

Loss of foundation support
due to erosion.

T o o~ = PR <Y R R P

LOSS UL 10uUnuduiloli buppuu_
dne tn evcavatinn nf
due to excavation of
adjacent ground.

T ==~ PR o P R S

LOSS Ol SuUupport due o
Tatoaral chiftino nf he
dAGvoLOLA 0!11—&‘-—.‘.116 A LSR ¥ A=
adjacent ground

J o

Loss of support due to
fFavmatrinan Af cinkhala
dAvVimacvivii VUL S4lInNIlVLC,

Loss of support due to thaw-
ing of permafrost.

Loss of support due to
partial or complete
liquefaction.

Downdrag on piles driven
through soft clay.

Soft, normally consolidated clays and
peaty soils are most compressible.
Loose silts, sands, and gravels are
also quite compressible.

Increased effective stress causes
settlement with no increase in sur-
face load.

Loose sands and gravels are most sus-
ceptible. Settlement can be caused by
machine vibrations, earthquakes, and
blasts.

Loose silty sands and gravels are most
susceptible. Settlements can be
caused by rise in groundwater table
or by infiltration.

Highly plastic clays are most suscept-
ible. Increase in temperature under

hiti 1ding nta Friva
uux.x.u;uso \.uut.a;u;us gvens or

naces may accelerate drying. Wetting
of highly plastic clays can cause
swelling and heave of foundations.

A ea ) PR

on hea

Loose, saturated sands are most
susceptible.

Loading on piles is increased by nega-
tive skin friction if soil around
upper part of pile settles.




, using average
merged weights below the water table.

b. The final stress ps at any depth is equal to the ef-
fective overburden stress after the structure is com-

pleted plus the stress resulting from the structure
Tand TRAL  cdeacndenaan S £an 11 0 T T _ 10 _ i
10au. 1I e struciure 15 10unaeda o1 inaiviauadl rootings,
tue f}!\al stress is t..e sum of gtrageac imnncad hy all

1 uill O1 SuUIresSSsEes HMposed Oy adu
footings

TAAE ©10 2 /AEAA DD 2 Fhe. ¥
1INV J—O IO 1/ AT IVY QO—V; "l“P. I
¢. Foundation stresses caused hv annlied loads are

generally computed assuming the foundatlon to con-
sist of an elastic, isotropic, homogeneous mass of semi-
infinite extent, i.e., the Boussinesq case. The incre-
ment of stress at various depths i1s determined by
means of influence values, such as shown in figures

, which g ive the vertical stress beneath a
rectangular area for uniform and triangular distribu-
tions of load, respectively. Influence values for vertical

Table 5-2. Values of Angular Distortion (/1) That Can Be 1 olerated Without Cracking
IRREGULAR SETTLEMENT REGULAR SETTLEMENT
f i | Ir
H H
i I ' ] [ I | P 1
|| - L |
k\i ——t~ _ - ] I‘.\ - PP P
- [+ o O e g - —— ——r
| |
|<e | o L ol
—— | S >
| | | |
AT Acgahla
AalLivwauvic
Tvne nf Rnildine T/ 8/¢
Type of Building L/H o/2
Steel frame with flexible siding -- 0.008
Steel or reinforced concrete frame -- 0.002 to
with insensitive finish such as 0.003
dry wall, glass, or moveable
panels
Steel or reinforced concrete frame >5 0.002
with brick, block, plaster, or
stucco finish <3 0.001
Load-bearing brick, tile, or >5 0.0008
concrete block walls <3 0.0004
Circular steel tanks on flexible -- 0.008
base, with fixed top
Circular steel tanks on flexible 0.002 to
base; with floating top 0.003
m_11 v A _a A PSS T ) n Nnn»
lall siender structures, sucn as - U.uusl
ectarlbea o+ 1Aeo and watar tanle
DLO\.I\D’ DL.LUD, aiiu wauecoclih Lailinoy
with rigid mat foundations
U. S. Army Corps of Engineers
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stress beneath a circular area are shown in figure 5-3.
If the foundation consists of a large number of individ-
ual footings, influence charts based on the Boussinesq
case will greatly facilitate the computation of stresses.
Programs for digital computers and programmable
calculators are also available.

d. A structure excavation reduces stress in founda-
tion subsoils. The decrease in vertical stresses caused
by the weight of excavated material is computed in the
manner described in the previous paragraph. The bot-
tom of the excavation is used as a reference; vertical
stresses produced by the weight of excavated material
are subtracted algebraically from the original overbur-
den pressure to compute final foundation stresses.

5-4. Settlement of foundations on clay.

a. When a load is applied over a limited area on clay,
some settlement occurs immediately. This immediate
settlement, AH;, has two components: that caused by
distortion or change of shape of the clay beneath the
loaded area, and that caused by immediate volume
change in unsaturated soils. In saturated clays, there is
little or no immediate volume change because time is
required for water to drain from the clay.

b. Immediate settlements can be estimated using
methods given in chapter 10. Values of undrained

modulus determined from the slopes of stress-strain
curves from unconsolidated-undrained laboratory
compression tests are frequently only one-half or one-
third as large as the in situ modulus. This difference is
due to disturbance effects, and the disparity may be
even more significant if the amount of disturbance is
unusually large. The undrained modulus of the clay
may be estimated from figure 3-20. The values of the
K in this figure were determined from the field meas-
urements and, therefore, are considered to be unaffect-
ed by disturbance. The value of Poisson’s ratio is equal
to 0.5 for saturated clays. For partly saturated clays, a
value of 0.3 can be assumed. Because immediate settle-
ments occur as load is applied and are at least partially
included in results of laboratory consolidation tests,
they are often not computed and only consolidation
settlements are considered to affect a structure.

5-5. Consolidation settlement. Consolida-
tion settlement of cohesive soil is normally computed
from pressure-void ratio relations from laboratory con-
solidation tests on representative samples. Typical ex-
amples of pressure-void ratio curves for insensitive
and sensitive, normally loaded clays, and preconsoli-
dated clays are shown in figure 3-7. Excavation re-
sults in a rebound of foundation soils and subsequent
recompression when structure loads are added. This

Table 5-3. Empirical Correlations Between Maximum (A) and Angular Distortion (6/1)

Type of Foundation

Mats on sand

Rectangular mats on varved silt

Square mats on varved silt

Mats on clay
Spread footings on sand
Spread footings on varved silt

Spread footings on clay

Approximate Value
of 6/2 fora
A =1 in.

1/750(0.0013)

1/1000 to 1/2000
(0.001 to 0.0005)

1/2000 to 1/3000
(0.0005 to 0.0003)

1/1250(0.0008)
1/600(0.0017)
1/600(0.0017)

1/1000(0.0010)

a.5/2

increases roughly in proportion with A . For

A =2 in., values of §&/2 would be about twice as large as

shown, for

A = 3 inches, three times as large, etc.

(Courtesy of J. P. Gouldand J. D. Parsons, “Long- Term Performance of Tall Buildings of New York
City Varied Silts,” Proceedings, International Conference on Planning and Design of Tall Buildings,

Lehigh University, Bethlehem, Pa., 1975. Reprinted by permission of American Society of Civil

3-4

Engineers, New York.)



sequence should be simulated in consolidation tests by
loading the specimen to the existing overburden pres-
sure po, unloading to the estimated stress after excava-

tion pex, and reloading the specimen to define the p-e

curve at loads in excess of overburden and preconsoli-
dation stresses. Curves designated K. in figure 3-7 are
laboratory p-e curves. Soil disturbance during sam-
pling affects laboratory p-e curves so that it usually
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becomes necessary to construct a field p-e curve simu-
lating consolidation in the field. These constructions
are also shown in figure 3-7. They are based on the as-
sumption that the straight lower branch of the field
p-e curve, K, intersects the laboratory curve at e =
0.4e,. Furthermore, the field curve must pass through

point a, corresponding to the present overburden pres-

sure and the natural void ratio. The field compression

index, C., is taken as the slope of the straight lower
branch of K on the semilogarithmic diagram.

o 1 4 aal o MLy dadnl sndblarman
a. Seitlemeni computations. 1ne total settlement,
AH, of a foundatio atum is computed according to

TM 5-818-1/AFM 88-3, Chap.7

AH = e,—e, H (5-1)

1
i

+
)

0

where

e,, e, = initial and final void ratios, respec-
tively, from the field pressure-void
curves, corresponding to the initial
and final effective foundation pres-
sures
» = average initial void of the stratum
H = total thickness of the compressible

ctratiim
Sulduaiin

This formula also may be used to estimate foundation
rebound due to excavation. When the lower portion of
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Figure 5-3. Influence value for vertical stress under a uniformly loaded circular area.
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the pressure void ratio curve is fairly straight, it may

be convenient to work with the compression index, in
which case the formula for settlement is as follows:

AH = —Cc H logm pé

1+e, pi

15 _O)
\v=4)

GROUND SURFACE

An example of a settlement analysis in which the re-
bound of the foundation and subsequent recompres-
sion under the building load are determined is shown
in figure 5-4 for a normally consolidated foundation.

b. Rate of settlement. The rate of settlement is de-
termined by means of the theory of consolidation. This
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Figure 5-4. Example of settlement analysis.
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theory relates the degree of consolidation and time

suosequent to loading according to the following ex-
pl.'csmuui
U%) = (D 6-3)
with
T= S (5-4)
2
where
= degree of consolidation or ratio of settle-
ment that has occurred at a given time to
the uitimate settiement
T = dimensionless number called the time
factor that depends upon loading and
boundary conditions
c. = property of the soil known as the coeffi-

TH 5-818-1/AFM

length of the drainage path, which in the

anarimen ar stratum drﬂlnlng

SpUvAIATL VU S8Rl =

raca nf a
case ol a

from top and bottom would be half the
thickness of the specimen or stratum

t = time corresponding to U

The relation between time factor and percent consoli-
dation for various boundary conditions is shown in fig-
ure 5-5. If the values of ¢, and H are known for a stra-
tum of clay with given boundary conditions, the theo-
retical curve can be replotted in the form of a percent

consolidation-time curve, if the ultimate settlement of

the layer has been computed, the curve can be further
maodified into a settlement-time curve. In order to com-
pute, ¢, it is necessary to transform the laboratory
time-consolidation curve for the load increment in
question into the theoretical curve. A method for ad-

cient of consolidation justing the laboratory curve in order to compute the
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coefficient of consolidation, c,, is shown in figure 3-7.
Thus, the actual time requlred for the various percen-
tages of consolidation to occur in the field can be deter-

mined by the following formula:

T H:
tf= —— (5-5)
Cy
where
t; = time for U(%) consolidation in the field
stratum
Tr 1 a1 e | h J PURRYR TSR R G I |
H = lengtn oi the arainage patn in tne rieia
M —  4imna fantar narmaananding ta T104) sananli.
1 = 1€ 1allLUL LULITOPUILIULIIE VWU UL /U7 LULISUILL

When settlement occurring during the construction
period may be of interest, the values of T and U also
can be obtained from figure 5-5.

c. Secondary compression. For refined estimates
and special purposes, settlement resulting from secon-
dary compression may have to be evaluated. The
amount AH, can be calculated as follows:

- C H la tsc (5—6)

.Hlog
tp

Laiig

where
tee = tp + time interva

1
............. PR PRSI SR I Wi NPy PINS PRy ipigs |
(,oulprcssu)u Setuemernt is DE CaiCulidiedu
+ — #ima ta somnlata nrimarv eonenlidation
v p - LiliixT wvwWw bull‘l’lcw P‘. llll“l.’ CVUVIIOUVMANALA VAV

H = total thickness of compressible soil
Other terms have been previously defined. Secondary
compression settlements may be important where pri-
mary consolidation occurs rapidly, soils are highly
plastic or organic, and allowable settlements are un-

usuauy smau

5-6. Settlement of cohesionless soils. The
permeability of cohesionless soils is usually sufficient-
ly great that consolidation takes place during the con-
struction period. For important projects, estimate set-
tlement using consolidation tests on undisturbed sam-

nlaa ar gamnlag vamaldad o smodecaa Ph DR . Au-u

pie€s Or sampies remoiaed ao natural density. Alter-
natelv. settlements mav be estimated from nla haa

nately, settlements may be estimated from plate bear-

ing tests described in chapter 4. Design of foo on

cohesionless soils, based on settlement conmderatxons
using the Standard Penetration Test, is described in

chapter 10.
or coping

5-7. Eliminating. reducing. coping

with settlement. Design techmques for amelio-
rating settlement problems are summarized in table
5-4. Differential settlements beneath existing struc-

tures can be corrected by releveling by jacks, grouting
1. (‘,...... .
lab f

(i a mmiid tonlkingt hanaatih ol R PSR P
\L.C,, 1I1UU jaCRnllig) Dellealll dS1dD ulfladuioIns, Oor unaer-
ninning Theee tachniaueg are avynanciva +0 varving
yllllllll&- 4 AAU I v\/\t‘llll\.‘u‘/a airv CAPCI‘D‘ VC, v Valyllls
degrees, and require specialists.



Table 5-4. Methods of Eliminating, Reducing, or Coping With Settlements.

Method

Use of piles, piers, or
deep footings.

Teemnavern ~n ~a~£ - ~ -
Excavate soft soil and
renlaca wit crlean
replace with clean

granular fill.

Displace soft soil with
weight of granular
fill or by blasting.

Surcharge or preload
site before
construction.

se a
with

=+

tiff foundation
deep grade beams.

Install levelin

g jac
between the foundati
and the structure

s
ion

Select a building type
which has a large tol-

erance for differential

Comment

Differential settlements between
buildings and surrounding ground
can cause problems.

Can be very costly if the com-
pressible layer extends to
large depth.

Difficult to control. Pockets of
entrapped soft soil can cause
large differential settlements.

Settlement is reduced by amount
which occurs before construc-
tion. Preload may be limited
by stability considerations.

s loe
building. Fill settlement can
be accelerated using sand

drains.

Can greatly reduce differential
settlements.

Building can be releveled
periodically as foundation
settles.

Steel frames, metal siding, and
asphalt floors can withstand
large settlements and remain
serviceable.

U. S. Army Corps of Engineers



TM 5-818-1/AFM 88-3, Chap. 7
4 1 mommfes s e alli, Al . Qi PPN
6-1. Bearing capacity of soils. Stresses trans- 6-3. Mothods of analysis.
mitted by a foundation to underlying soils must not a. Shallow foundations
“a @ . . . *
bearing-capacity failure or excessive foundation (1) Groundwater level (GWL). The ultimate bear-
Settlement The deSIEn bean g pressure e(]ual h ul‘ lng Capacn:v Of Sha‘]nw fn" datigns su }ecf d to verti-

timate bearing capacity divided by a suitable factor of
safety. The ultimate bearing capacity is the loading in-
tensity that causes failure and lateral displacement of
foundation materials and rapid settiement. The uiti-

[UVRSY I . oy PR P PR, PR PR S S TR, ~

mate bearing capacity depends on the size and shape of
the loaded area, the depth of the loaded area below the
ground surface, groundwater conditions, the type and

strength of foundation materials, and the manner in
which the load is applied. Allowable bearing pressures
may be estimated from table 6-1 on the basis of a de-
scription of foundation materials. Bearing-capacity
analyses are summarized below.

pth of influ-

times the footlng w1dth but is deeper 1f ubsoils are
highly compressible.

(1) Cohesionless soils. Estimate ¢’ from the Stand-
ard Penetration Test (table 4-5) or the cone penetra-

.................................. oo A/ —
LlUIl resnbmuuﬂ I"Ul LUllbUlVdLlVC leut:b ubC'{Ll - 30

dooraag
MTHITTO.

(2) Cohesive soils. For a shoirt-term analysis, esti-
mate s, from the Standard Penetration Test (table
4-5) or the vane shear resistance. For long-term load-
ings, estimate ¢’ from correlations with index proper-

ties for normally consolidated soils.
b. Detailed analyses.
(1) Cohesionless soils. Determine ¢’ from drained
S tn ax1a1 tests on undisturbed samples from test pits

)
"
o+
o+
™
"~
£

-
D
=5

t g
wm
®
wn

=

termine dlsturbe

samples w1th 03 equal to overburden pressure. For a
long-term analysis, obtain ¢’ from drained direct shear
(S) tests on undisturbed samples. For transient load-
mgs after consolidation, obtain ¢ and c parameters
from consolidated-undrained (R) triaxial tests with

pore pressure measurements on undisturbed samples.
If the soil is dilative, the strength should be deter-
mined from drained S tests

cal, eccentric loads can be computed by means of 'che
formulas shown in figure 6-1. For a groundwater level
well below the Dottom of the footing, use a moist unit
soil weight in the equations given in figure 6-1. If the
groundwater level 1s at ground surtace use a sub-

aphs and equatlons ngen in figure 6- 2.

(3) Eccentric orinclined footing loads. In practice,
many structure foundations are subjected to horizon-
tal thrust and bending moment in addition to vertlcal

1 1 m™m o Loy h L,

loading. The effect of these loadings is r
by substituting equivalent eccentric and/or inclined
loads. Bearing capa ity .erml..las fvrt is condition are

s igu A the method for
computmg the ultlmate bearmg capamty for an eccen-
tric inclined load on a footing is shown in figure 6-4.
(4) Loading combinations and safety factors. The
ultimate bearing capacxty should be determmed for all

combinations of simultaneous loadings. A distinction
is made between normal and maximum hve load in
bearing capacity computations. The normal live load is

that part of the total live load that acts on the founda-
tion at least once a year; the maximum live load acts
only during the simultaneous occurrence of several ex-
ceptional events during the design hfe of the struc-
ture. A minimum factor of safety of 2.0 to 3.0 is re-

C>

s 1.~ V1 P Lo
quired for dead load plus normal live wad, and 1.5 for
dead load plus maximum live load. Safety factors se-

_0
ol
g
i~
o
® i
°
=
.

lected should be based on the extent of subsur
vestigations, reliability of estimated loadmgs and
consequences of failure. Also, high safety factors
should be selected if settlement estimates are not
made. In general, separate settlement analysis should

be made.

b. Deep foundations. Methods for computing the ul-
tlmate bearmg capamty of deep foundations are sum-

E
[+
.
N
@
A
| i
5
[onr)
5 &
g
3
>
" dn

the design of deep piers and pile fcundatlons, as subse-
quently described. When the base of the foundation is
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Estimates of Allowable Bearing Pressure

need alteration
the foundation.

(These presumed values of the allowable bearing pressure are estimates and may
upwards or downwards. No addition has been made for the depth of embedment of
Reference should be made to other parts of the Manual when using this table.)

Group

Types and conditions of rocks
snd soils

Strength
of Rock Material

Presumed Allowable
Bearing Pressure

Ton Jaa ftr
Tem /eq ft

Ramarka

Massive ignecus and met

rocks (granite, diorite, ba
gneiss) in sound condition?

Foliated metamorphic rocks
(slate, schist) in sound
condition®>®

Sadimentary rocks: cemented
shale, siltstone, sandstoune,
limestone without cavities,
thoroughly cemented conglome-
rates, all in sound condition®:?

Compaction shale
argillaceocus rocl

conditisn Bt
condition™:

other
sound

U
g8

ken rocks of any kind with
moderately close spacing of
discontinuities (1 ft or
greater), except argillaceous
rocks (shale)

Thinly bedded limestone,
sandstones, shale

Heavily shattered or weather-
ed rocks

Medium to high

Medium to high

-
L]

100

10-40

w

-
(-]

See note

See pote

Theae valuea are based
on the sssumption that
the foundations are
carried down to unwvesther-

ed rock.

Dense gravel or dense sand and >6 Width of foundation (B)
gravel not less than 3 ft.
Groundvater level
Compact gravel or compact sand assumed to be at a depth
and gravel 2-6 not less than B below
the base of the founda-
Loose gravel or léose sand and tion.
<2
<2
>3
1-3
Loose sand <1
Very stiff to hard clays or 3-6 Cohesive soils are
h.terogeneous mixtures such as susceptible to long-term
till consolidation settlement
Sctiff clays 1.5-3
Cohesive Firm clays 0.75-1.5
soils
Soft clays and silts <0.75
Very soft clays and silts not applicable
Oreanic Peat and o nic sofla not annlicahle
Organic Peat and o ot spplicable
soils
Fill Fill not applicable
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Figure 6-1. Ultimate bearing capacity of shallow foundations under vertical, eccentric loads.
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than the width of the foun

should be applied to the net load (total
ture minus weight of displaced soil).

c. Stratified subsoils. Where subsoils are variable
with depth, the average shear strength within a depth
below the base equal to the width of the loaded area
controls the bearing capacity, provided the strength at
a depth equal to the wxdth of the loaded area or lower

SR R N o

1S NOT iess tnan one-
+tha nnnar lavar: ath
LT UppTl 1laycli, uull

sive soﬂs calculat ultlmate bearlng 01tv from
the chart in figure 6—6. The bearing pressure on the
weaker lower layer can be calculated by distributing
the surface load to the lower layer at an angle of 30 de-
grees to the vertical.

6-4. Tension forces. Footings subjected to a sus-
tained uplift force, T,, should be designed with a mini-
mum factor of safety of 1.5 with respect to weight
forces resisting pullout expressed as

> 15 (6-1)

e W is the total eff
crete located w1thm the prism bounded bv vertlcal
lines at the base of the footing. Use total unit weights
above the water table and the buoyant unit weight be-
low. If the shear resistance on the vertical sides of the
prlsm defined above is considered, a minimum safety

nawnt
dl caliul pl Cbbulb’

e
S!"O“ld not exceed

11Uv Talttu

a ®» - ao A ot
0-2. D g capacirty o a st

t11mn Fanndad an wanlr adannate avnlaration ie necee-
LUIT 1UULIUTU Vil 1ULR, AUTHUALC TAPIVLALIVAL 10 VLY
sarv to determine the number and extent of defects,

such as joints, shear zones, and solution features. Esti-
mates of the allowable bearing pressure can be ob-
tained from table 6-1. Conservative estimates of the
allowable bearing pressure can be obtained from the
foliowing expression:

[
|
us
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6-6

PLAN VIEW
SHOWING
APPLIED LOADS
ABOVE GROUND

SURFACE

THROUGH
FooTING

GROUNO-WATER TABLE
AT BASE OF FOOTING
k2

PLAN VIEW
SHOWING
EFFECTIVE
AREA OF
BASE OF
FOOTING

1

r—-—

L' =1184"

U. S. Army Corps of Engineers

Do 4 D
rigure o-4. Lxu

N .
1pi€ O,

(A

18

(D}

SOIL. AND LOADING CONDITIONS

UNIFORM SANDY SILT:

0.06 TON.SQ FT
2%

COMPUTATION OF NET VERTICAL LOAD

112.51LB/CU FT = 0.056 TON'CU FT
SO LB 'CUFT =002%5 TON CUFT

VERTICAL LOAD ABOVE GROUND SURFACE =

DL + NORMAL LL:

EFFECTIVE WEIGHT OF SOIL ABOVE BASE OF FOOTING =

(8 x 15 x 6) (112.5)

113 TONS VERTICAL
11 TONS LATERAL
= 23 TONS LONGITUDINAL

2000

WEIGHT OF CONCRETE (150 LB/ CU FT) IN FOOTING IN EXCESS OF DISPLACED SOIL

~ 1B x 15x2.5) +{2x6x3.5)] (15 - 112.5)

2000

COMPUTATION OF ECCENTRICITY (e)

TAKING MOMENTS ABOUT O:

SMg 115+ 6

L] 12n
L 188
M 23(5+ 6)
@ T T ——— ziBFT
v Iv 160
IH = Vin? + (2302 = 25.5 TONS

NET VERTICAL LOAD

B -2e,
L -2
©

AND INCLINATION (a)

V = 113.0 TONS
= 40.5 TONS
= 6.5 TONS

= 2V = 160.0 TONS

=8-152=-64FT

15-316=11R4FT

IH 255
ARCTAN — = ARCTAN ~—— = ARCTAN 0.159 = 9*
iv 160

COMPUTATION OF VERTICAL COMPONENT OF ULTIMATE BEARING CAPACITY

i3

[on (0028Y s on
[ o)

[oosvan1-05:22

iv

ACTUAL BEARING PRESSURE = q, = ——

FACTOR OF SAFETY = F.S. =

B'L

" 648 x 11,84

b4

v |

_\z + 048N {i_=\’

)

NOTE: COMPUTATION SHOULD BE REPEATED FOR OL + MAXIMUM LL.
THAN 1.5 FOR THIS CONDITION

A | e
ALrieu eCceeriir

PN

J R
oau

=209 TONS SQFT

309 =2.5>20REQUIRED F.5. FOR DL + NORMAL LL

F.5. SHOULDO BE GREATER
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BEARING CAPACITY FACTORS, Nc FOR FOUNDATIONS IN CLAY (¢ = 0%

7
B/L Ne
| 1 (SQUARE OR CIRCLE)} 9.0
0.5 8.2
OR 2R 0 (STRIP FOOTING) 7.8
Q
. NOTE: BEARING CAPACITY FACTORS BASED ON A SMOOTH BASE AND
A D/B GREATER THAN 4
Q
1

B = WIDTH OF FOOTING
LENGTH OF FOOTING
DEPTH OF FOOTING

L
o

e
Fe-— 0O

NOTE: THE SKIN FRICTION, f' , IS USUALLY TAKEN AS ONE-HALF

L = ¢BNc + yDB + 20f, (STRIP LOADING) THE UNCONFINED COMPRESSIVE STRENGTH OF THE CLAY
FOUNDATION. FOR PILES THE VALUE OF f, SHOULD NOT

0z 82N + ypa? +480f (SQUARE LOADING! s

MTEE B T rvE Tty IeNEATE Al EXCEED THE MINIMUM ADHESION VALUE GIVEN IN PARA-

GRAPH 46b. BECAUSE SKIN FRICTION, f_, IS NOT ALWAYS

Q = cmRN_ + yomR? + 2nRDf, (CIRCULAR LOADING)
RELIABLE,IT IS OF TEN IGNORED.

{a) DEEP FOUNDATION IN HOMOGENEOUS CLAY

WA A Emm immEL e e
WEAR UVERBURUEN 3UIL3

(SKIN FRICTION NEGLECTED)

|
oran ' w

D> ————
D>4 B

t—
e—0
p— " ——o

COMPLETE EMBEDMENT IN SAND PARTIAL EMBEDMENT IN SAND
Q/L =yOBN, + 0.5y8% N, + 2Df, (STRIP LOADING) Q/L =yDBN, + 0.5yB*Ny + 2hf, ISTRIP LOADING)
Q= yna’nq +0.ay8’°N, + 4B0f, (SQUARE LOADING) Q= yDa’Nq +0.ayB’N, + 4Bhf; (SQUARE LOADING)
Q= yD"Rqu +0.6ynR*N_ + 27RDf, (CIRCULAR LOADING) Q= yDnRqu +0.6ynR>N. + 2nRhf (CIRCULAR LOADING)

fy=1/2KyD TAN § fy=xyio-h2TANS

WHERE K = COEFFICIENT OF EARTH PRESSURE DEPENDENT ON "~
DENSITY OF SAND AND METHOD OF FOUNDATION
PLACEMENT (SEE CHAPTER 12)

BEAQING CARDACITY CACTORE EAMm SLatl | S
SCARING CARPACITY FACTORS FOR SHALLOW

FOUNDATIONS (SEE FIGURE 6.1)

4
O
4
1l

5 = ANGLE OF FRICTION BETWEEN SAND AND FOUNDATION (8 < ¢)

(b) DEEP FOUNDATION IN SAND

Figure 6-5. Ultimate bearing capacity of deep foundations.
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Figure 6-6. Bearing capacity factors for strip and circular footings on layered foundations in clay.
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CHAPTER 7?7

DEWATERING AND GROUNDWATER CONTROL

7-1. General. The following topics concerning
foundation design using dewatering and groundwater
control techniques are discussed in the latest revision
of TM 5-818-5/NAVFAC P-418/AFM 88-5, Chap. 6:
a. Excavations requiring drainage.
b. Seepage control.

c. Seepage cutoffs.

d. Control of surface waters.
e. Sheet-pile cofferdams.

7-2. Foundation problems. The problems con-
cerning dewatering or groundwater control should be
referred to the above-mentioned manual.

7-1
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SLOPE STABILITY ANALYSIS

8-1. General. This chapter is concerned with
characteristics and critical aspects of the stability of
excavation slopes; methods of designing slopes includ-

ing finld ahoavrvatinng and avnavianan alana atahilide
111g 1ITIU UOTL VAULIVLLD dllu TAPTILIITIILT, axuyc abauuxby

charts, and detailed analyses; factors of egfpfv and

methods of stabilizing slopes and slides. The emphas1s
in this chapter is on simple, routine procedures. It does
not deal with specialized problems, such as the stabil-
ity of excavated slopes during earthquakes.

8-2. Slope stability problems. Excavation
slope instability may result from failure to control
seepage forces in and at the toe of the slope, too steep
slopes for the shear strength of the material being ex-
cavated, and insufficient shear strength of subgrade
as the
slope is being excavated, or after the slope has been
standing for some time. Slope stability analyses are
useful in sands, silts, and normally consolidated and
overconsolidated clays, but care must be taken to se-
lect the correct strength parameter. Failure surfaces
are shallow in cohesionless materials and have an ap-

N POURUR Bh LS, e 21

rcuiar or suumg w‘euge audpe in ciays.

antla Qlacia feacdalilde. cenncr mmmia o~ _ 1
SULLd. OD1UpPE LIdLAdUILILY lidy occur suuueluy,

(ST D Frpe
proximacery circ

a. Cohesionless siopes resting on firm soil or rock.
The stability of slopes consisting of cohesionless soils

denoende an tho onn‘lo r\f‘ 1'nfavnal "rlnhnn A\’ tha clana
Qepenas on uae mnlerna: iriCulolr e siope

angle, the unit wmght of soil,

Generally, a slope of 1 vertlcal (V) on 1% horlzontal
(H) is adequate; but if the slope is subjected to seepage
or sudden drawdown, a slope of 1V on 3H is commonly
employed Failure normauy occurs by surtace ravelmg

PR R LOUESTEE § § 4 N R
or blldllUW bllulllg VV nere conseyguences U

ha imnartant rannirad clnnnc can l'\a r‘nfcvm
OO Iporiany, requirca 5:0pe aelermine

and pore pressures.

simple infinite slope analysis. Values of ¢’ for stablllt

analyses are determined from laboratory tests or esti-
mated from correlations (para 3-6). Pore pressure due
to seepage reduces slope stability, but static water
pressure, with the same water levei inside and outside
the slopes, has no effect. Benches, paved ditches, and

nlantino on E]r\r\oc can "\o ncor‘ f'r\ v'or‘"r\o rnnnff !70]{\(‘.
Piciiviiig Vi T

ities and to retard erosion. Saturated slopes in cohe-
sionless materials may be susceptible to liquefaction
and flow slides during earthquakes, while dry slopes
are subject to settlement and raveling. Relative densi-
ties of 75 percent or larger are required to ensure

et S Lok

bﬁlbllllb bdelu Ly, das umt,uswu lll uudpbe! L l

b. Cohesive siopes resiing on firm soil or rock. The
stability of slopes consisting of cohesive soils depends

on the strength of soil, its unit weight, the slope
height, the slope angle, and pore pressures. Failure
usually occurs by sliding on a deep surface tangent to

the top of firm materials. For relatively hioh
ULIT WY Ul 1111l 11alslilalid. L'Vl L1Tiauivoly 1uigll

that drain slowly, it may b
stability for three hmltmg conditions:
(1) Short-term or end-of-construction condition.
Analyze this condition using total stress methods,
with shear strengths determined from Q tests on un-
disturbed specimens Shear strengths from uncon-
firmed compressmn tests may be used but 5cucxally
may show more scatter. This case is often the only one
analyzed for stability of excavated slopes. The possibil-
ity of progressive failure or large creep deformations
exists for safety factors less than about 1.25 to 1.50.
(2) Long-term condition. If the excavation is open
for several years, it may be necessary to analyze this

tion stress

alanonc
Dl\)y
necessarv to analyze tl

o218y

1'DG

ublllg CIICDLIVC
narameters Aofnv-mqu:ﬂ from Q tests or ﬁ

PALQiuaT WA S oL aiza.

tests on undisturbed specimens. Pore pressures are
governed by seepage conditions and can be determined
using flow nets or other types of seepage analysis.
Both internal pore pressures and external water pres-
sures should be included in the analyses. This case gen-

erally does not have to be analyzed.
(3) Sudden drawdown condition, o

P B
cona

tions where the slope is consolidated under one loadmg
condition and is then subjected to a rapid change in
loading, with insufficient time for drainage. Analyze
this condition using total stress methods, with shear
strengths measured in R and S tests S'near strengt'n

VTS, 11S.€ase 18 not normally encountereq 1n

excavatlon slope stablhty
c. Fffor-f nf cnff fnnndnhnn

faxlure mechamsm is usuallv sliding on a deep surface
tangent to the top of an underlying firm layer. Short-
term stability is usually more critical than long-term
stability. The strength of soft clay foundation strata
should be expressed in terms of total stresses and de-

The

strata. critical

_____ PUNY o WHR-SUUEI Rt Py Sy o on il
termined uaulg 9 triaxial Luxupu:amuu tests on unais-
turhed enecimens or other methods described in chan-

S mens or other meth cribed in chap

8-3. Siopes in soiis presenting speciai
probiems.

a. Stiff-fissured clays and shales. The shearing re-
sistance of most stiff-fissured clays and shales may be
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far less than suggested by the results of shear tests on
undisturbed samples. This result is due, in part, to
pnor shearmg dlsplacements that are muc
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to the re51dual value—the minimum value that is
reached only at extremely large shear displacements.
Temporary slopes in these materials may be stable at
angles that are steeper than would be consistent with
the mobilization ot only resuiual shear strength The

..,
13 8
'b

3

QS

(et

; ability in loess. Water percolating down-
ward destrovs the weakly cemented bonds between
particles, causing rapid erosion and slope failure.
Slopes in loess are frequently more stable when cut
vertically to prevent infiltration. Benches at intervals
can be used to reduce the effective slope angle. Hori-

slope must be prevented. Local experlence and practice
are the best guides for spacing benches and for protect-
ing slopes against infiltration and erosion.

¢. Residual soils. Depending on rock type and cli-
mate, residual soils may present special problems with
respect to slope stability and erosion. Such soils may
ontain pronounced structural features cnaracwrlsmc

anarant rack ar tha waathoring
21T Pal CTilt 1UuLn Ul uiT ywoauiici llls PI.U\‘CDQ, aAlliu viicli
characteristics may vary significantly over short dis-

tances. It may be difficult to determine design shear
strength parameters from laboratory tests. Represent-
ative shear strength parameters should be determined
by back-analyzing slope failures and by using empiri-
cal design procedures based on local experience.

d. Highly sensitive clays. Some marine clays exhibit
dramatic loss of strength when disturbed and can

PRy <. £ L < N P _ . a 1__ s h

actually flow like syrup when completely remolded.
Because of disturbance during sampling, it may be dif-
ficult to obtain representative strengths for such soils

from laboratory tests. Local experience is the best
guide to the reliability of laboratory shear strength
values for such clays.

e. Hydraulic fills. See Chapter 15.

Slope stability charts.
a. Uniform sotl, constant shear strength, ¢ = 0, ro-
tational failure
(1) Groundwater at or below toe of slope. Deter-
mine shear str ngth rvm unconfined compression, or

d co
ompression tests. Use the up-
-1 to compute the safety fac-

Coo

per dlagram of flgure

8-2

tor. If the center and depth of the critical circle are de-
sired, obtain them from the lower diagrams of figure

lnmding tonginn rranke Tha affant ~F nnw"-n] PTY AR
toaaing, tension cracrs. 1ne eiiect o1 partiai suomer-
gence of a glone ig given hv a tor . in figure 8-92:-
gence of aslopeis given byat Y In ngure 85-2;

loadmg is glven by a factor y, in figure 8- 2 and ten-
sion cracks is given by a factor y, in figure 8-3. Com-
pute safety factor from the following:

- Hw pwpq e No C

10 E Y
iy o-1)
.YH + q- ,Ylew

y = total unit weight of soil

q = surcharge loading

N, = stability number from figure 8-1

If any of these conditions are absent their correspond
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strength, the charts g,iven in f!mlres 8-1 through 8-3

strength for the failure surface. However, a knowledge
of the location of the failure surface is required. The
coordinates of the center of the circular failure surface
can be obtained from the lower diagrams of figure 8-1.

The failure surface can be constructed, and an average
shear strength for the entire failure surface can be
o1ical chllshll AUL LIAT TliuliT 1dilulT duliaulTc Lvail uc
computed by using the len gth of arc in each stratum or

the number of degree
as a weighing factor.
(2) It may be necessary to calculate the safety fac-
tor for failure surfaces at more than one depth, as il-
iustrated in figure 8-4.
c. Charts for slopes in uniform soils with ¢ > 0.
(1) A stability chart for slopes in soils with $ > 0 is
shown in figure 8-5. Correction factors for surcharge

lnading at tha tan af tha alana eanthmaroansa and anan.
ivauilil auv LiIT \/UP VU1 UiiIT elupc, SDULLICL scll\ac, aillu WGP
given in figure 8-2; and for tension cracks, in

(2) The location of the critical circle can be ob-
tained, if desired, from the plot on the right side of fig-
ure 8-5. Because simple slopes in uniform soils with ¢
> 0 generally have critical circles passmg through the

toe of the slope, the stability numbers given in figure
8-5 were developed bv analvzine toe circles Where
UTu vvOLivUO UCVCIU}IC‘J V) allal.yldllls LUT UiLUl1TD YYi1ICTIL T
subsoil conditions are nnt uniform and there is a weak

neath the toe may be more critical than a toe mrcle.

d. Infinite slopes. Conditions that can be analyzed
accurately using charts for infinite slope analyses
shown in figure 8-6 are—



(1) Slopes in cohesionless materials where the
critical failure mechanism is shallow sliding or surface
raveling.

(2) Slopes where a relatively thin layer of soil
overlies firmer soil or rock and the critical failure
mechanism is siiding along a plane parallel to the

alanmn at thaotan nftha Fiven lavor
blupc, dau ullic bUp Ul LT Liilll 1laytl
¢. Shear strength increasing with n’onth ndé=20
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strengt
stablhty analyses may be appropnate Such methods
are described in engineering literature, and simplified

versions are presented below.

a. The method of moments for $ = 0. This method is
simple but useful for the analysis of circular slip sur-
facesin ¢ = 0 soils, as shown in figure 8-8.

b. The ordinary method of slzces lhxs
conservative procedure for circula |

used in soils with ¢ > 0. For flat sla es with high pore
pressures and ¢ > 0, the factors of safety calculated by

T

2
w
&
ol
[
|
ol
"~
»
™y
3
[ -3
P
ad
e}
8
]
ks
~4

this method may be much smaller than values calcu-
lated by more accurate methods. An example is pre-
sented in figures 8-9 through 8-11. Various trial
circles must be assumed to find the critical one. If ¢ is
large and c is small, it may be desirabie to replace the

~ R

1 i B Iy PR o mm ssraldoaas o 4L o ac o
c1rcu1ar siiaing suriac Dy iane weqages at tne acuve
and passive extremities of the sliding mass.

Various trial failure surfaces w1th dlfferent locatlons
for active and passive wedges must be assumed. The
base of the central sliding wedge is generally at the
bottom of a soft layer.

8-6. Stabilization of slopes. If a slide is be-
ing stabilized by flattening the slope or by using a but-
tress or retaining structure, the shear strength at time
of failure corresponding to a factor of safety of 1

should be calculated. This strength can be used to

evaluate the safety factor of the slo ope e after stabiiiza-
dfmee ANA 2L X Loee L2l 2 o Vo mad T A 123
LI1OI1. IVIELHOUS 10r StdDlilzing SIOpeEs dild 1diluasiuaes are
summarized in table 8-1. Often one or more of these
schemes may be used toget--er; Schemes I through V
are listed approximately in order of increasing cost

8-3
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Figure 8-1. Slope stability charts for ¢ = 0 soils.
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Figure 8-3. Reduction factors (tension cracks, u,) for slope stability charts for ¢ = 0 and $ > 0 soils.
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Y =120 LB/FT?
C, =600 PSF
y=9

! I C,= 400 PSF

o= y- 105 LB/ FT?
C,= 500 PSF
¢ -0

,20 Y

T L R,
CRITICAL CIRCLE / ~~ CIRCLE USED FOR
FOUND USING CHARTS AVERAGING STRENGTHS

ELEVATION, FT
|
I

c _(14)(600) + (J61£400) + (66)(500) _ 198 psf
ave J0

120 + 100 + 105 _ 3
Tave ~ 3 108 1b/ft

_ 12 8 _

d=»z= 0.5 H /H 37 - 0.33

From figure 8-2, by = 0.95 for d = 0.5
and H /H 0.33
From figure 8-1, N_=5.6 for d=0.5 and B8 =

0

(0.95)(5.6)(498)

F = 0828 < (62.4)(8) ~

=1.27

From figure 8-1, X = 0.35 , Yo = 1.5 , critical

circle intersects near toe of slope

Xq = (0.35)(24) = 8.4 ft, Yo = (1.5)(28) = 36 ft

Y= 00LB/FT® e

12°

N\ /CRITICAL CIRCLE
o

20 —
o y=120 LB/ FT?
u -
§ o y:|oo Le/FT3 S
5 :a' = ‘: / Cy= 400 PSF
i o / / y=105LB/FT? ‘o
w C, = 500 PSF -
_m—.ORQEUEDmﬂ /
AVERAGING STRENGTHS—~
c. = (22)(600) + (62)(400) _ 4o, psf
~ 120 + 100 _ 4. 3
Yave ¥ 7 110 1b/ft
d=0 H/H=-o=0.33
W 24 :
From figure 8-2, by = 0.93 for 8 = 50°
and H /H = 0.33
w
From figure 8-1 N0 =5.8 for g = 50°

(0.98)(5.8)(452) = 1.14
(1103(24) - {(62.4)(8)
(more cr1t1ca1 than circle

tangent to elev. -20 ft)

F =

From figure 8-3, Xy = 0.35, Yo = 1.4 , critical circle

intersects near toe of slope

= (0.35)(24) = 8.4 ft, Yo = (1.4)(24) = 33.6 ft
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Paorometer A

Yw® unit weight of water

c’=cohesion intercept

Surface of
seepoge ~ _——=

\

Siope Rotio b= cot 3

U. S. Army Corps of Engineers

Slope Rotio b=cot 8

Figure 8-7. Slope stability charts for ¢ = 0 and strength increasing with depth.
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1"20-‘ // Moment Arm | L \
o YIR7r
o S omonan@ @230 7 on 3 T /¢, =600 pst
- Fi1U4 =191 ~
b / ‘!'rém.-s tolett) /‘FU Area~444 ft” ,/ $y:0
< 0 ,/ ,/ y 21001b/013  / C,= 400 pst
g N (D) Vater, y =624 Ib/ft> E Areo 456 a0l 4 =20
g VAreoN w ~_iC VIO R ‘PU v
S S NI
T V ~ ‘
f \ Areo~56 f1 $,° 0

-20-

Section Area(ft?i  y(ib/it’) Weighi(ib/ft]i Moment Arm{ft] Moment {fidb/ft}
® 444 120 53,280 +33 +1.76x10°
® 456 100 45,600 +23 +1.052108
© 564 105 59,220 0 0.0
© 336 624 20,970 -19 - 0401108

Total Overturning Moment = + 24i 0%
Moment

Section Ave.Length(ft) Culpsf) Force(lb/ft)  Arm= Rodius (i) Momant (f1-1b/ft)
® 14 600 8400 60 0.50110%
(B) 16 6 a00 6600 60 QAQHQG
\I_-y PN eu” A 4 vy ~
© 69 SO0 34,500 60 2.07:10°
M\ 10 0 0 [ o) 0.00
\I_oy [ =4 A4 - -~

Totol Resisting Moment =  2.97310°
Resisting Moment 2.97x106 +1.23
Factor of Sofety, F = Overturning Moment  2.41:106
S. Army Corps of Engineers

Figure 8-8. Method of monienis for ¢
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Figure 8-9. Example problem for ordinary method of slices.
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= unit weigh
h, = height of layer at center of slice

W, = partial weight = bhiYi

IW, = total weight of slice

i
hi Yi Wi Wi
ft 1b/ft3 1b/ft 1b/ft
1 15 5 110 8,100 8,200
2 15 13 110 21,400 21,400
3 15 4 105 6,300
17.5 110 28,900 35,200
4 15 11.5 105 18,100
19.5 110 32,200 50,300
5 15 4 110 6,600
15 105 23,600
19.5 110 32,200 62,400
6 15 11.5 110 19,000
15 105 23,600
17.5 110 28,900 71,500
7 15 15 110 24,800
15 105 23,600
15 110 21,400 69,800
8 15 15 110 24,800
15 105 23,600
5 110 8,200 56,600
9 16 15 110 26,400
7.5 105 12,600 39,000
10 11 7.5 110 9,100 9,100
U. S. Army Corps of Engineers
Figure 8- 10. Example of use of tabular form for computing weights of slices
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©
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= xR
3 =}
] 1
u 3 2}
Zero for ) o
Slice w 2 a C ¢ Total Stress W cos a S 8
No kip/ft fe deg kip/ft2 deg Analysis ul  kip/ft = = cl W sin a
1 8.2 17.5 ~-32 0.75 5 6.9 0.61 13.12 -4.35
2 21.4 16.2 =22 0.75 5 19.8 1.73 12.15 -8.22
3 35.2 15.5 -13 0.75 5 34.3 3.00 11.62 -7.92
4 50.3 15.1 -4 0.75 5 50.2 4.39 11.32 -3.51
5 62.4 15.1 4 0.75 5 62.2 5.44 11.32 4.35
6 71.5 15.5 13 0.75 5 69.7 6.10 11.62 16.08
7 69.8 16.2 22 0.75 5 64.7 5.66 12.15 26.15
8 56.6 17.5 32 0.75 5 48.0 4.20 13.12 30.00
9 39.0 22.0 43 0.10 30 28.5 16.45 2.20 26.60
10 9.1 18.5 55 0.06 35 5.2 3.64 1.11 7.45
I 51.2 99.7 86.8
el = cohesion 1ntercept\
w
‘ : = friction angle at base of F = L(W cos a - uf) tan ¢ + Zck
IW sin a
slice
l :!/{]a = pore pressure } 150.1
\/1.\ F = T6—8- = 1.74

Figure 8-11. Example of use of tabular form for calculating factor of safety by ordinary method of slices.
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PASUVE WEDGE CENTRAL BLOCK ACTIVE WEDGE

4

D, = -w, TAN{as* - — -
- \ iy »
< 210,400 TAN 31° = 4,200 L8 a* .T'
*
n,=2 -.~u.cos(-s‘—;— TaAN & +26,M, TAN {08+ .
¢
Uy 0, *w, TAN ('.._’l-) o.-..n..(.;nT‘)

= 51,000 TAN 89° * 08,900 L O ® 14,100 TAN 68° 1 14,100 LD

’ n.-z[-,-u,m(u‘-%'jvuo,tn,n,un(d'-::') Rrae ""('":,")

2 (600) (1S) TAN 48° = 12,000 L8O

2{891,000 - 22,080 34 31 TAN 20" ¢ 2 (2OD) 23 TAN 31*
%0 = a0.000 L8

Ry v {Wy = Uyi TARN 6y 7 85 &y
= (399,300 - 119,900 TAN ¥° ¢ 900 = 89
260,200 L8

R oA eR PR,
FACTOR OF SAPETY * ——— e
R A A Iw, 16900 L8
1
WHERE R * RENSTING FORCES | . CLaY
D * DRIVING FORCES ] { W os1g €70 ¢, =400LESQFT
\
¢ 12, Y 212818 CUFY
FACTOR OF sargTy » 1000 " 90,000 @ 2 | el -
- - & 200 N M
/ - PHIOVETRIC LEVEL | I .
w, = 20130 L0 I *
| ! SANOY SILT
M 28 @pT P 20008 O FT
' = 10,6400 L8 ’ y.l‘l’k. CuFTY
w2
“, -|q -'o—-' . 2
I.‘ _
sano ]
v, -IIHLO - CLAY
¢- €-0 #3595 ¢, z00000/%Q FY
M, org *SILB/NQFT Ve * 123 LB/CUFT
attagee e o
s ~N Tave

“1983 LO/3Q FT

NOTE: DWIVING AND RESISTING FORCES COMPYTED
USING SATURATED SEIGHT OF S0IL v WEDOES ANALYHS SHOWN FOR CONDITION OF STEADY SEEPAGE
AND CENTRAL BLOCK AND TOTAL USLIFT UNING A SIMPLIFIED ANALYSS BASED ON THE ASSUMP.
FORCE ON R.I0HG PLANES. TION THAT EQUIROTENTIAL LINES ARE VERTICAL .
ANAL YHS SHOWN FOR FAILURE ALONG PLAMES A-8-C-0.

ANALYSES MUST BE REPEATED FOR OTHER ROTENTIAL
FAILURE PLANES TO DETERMANE CRITICAL SURFACE
WHON RESULTS N MINRAAS FACTOR OF SAFETY.

Figure 8-12. Example of simpiified wedge analiysis.
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Table 8-1. Methods of Stabilizing Slopes and Landslides

_ Scheme — Applicable Methods Comments o
1. Excavation 1. Reduce slope height by excavation at top
—————— of slope.
/ 2. Flatten the siope angie. Area has to be accessible to construction
7—— equipment. Disposal site needed for exca-
”,
= 3. Excavate s bench in upper part of slope. vated soil. Drainsge sometimes inco
in this method.
R4 4. Excavate the entire slide mass.
I1. Drainage 1. Small diameter, horizontal drains 1. Most effective if can tap natural aquifer.
(hydraugers). Drains are usually free-flowing.
2. Continuous deep subdrain trench. 2. Trench bottom should be aloped to drain
Generally 3 to 15 ft deep. and be tapped with an outiet pipe. Per-
forated pipe should be placed on trench
bottom. Too of tremch should be capped
e bottom. Top of tremch should be capped
with impervious material.
3. Drilled vertical wells - generally 18- to 3. Can be pumped or tapped with a gravity
36-1in.diameter. outlet. Several wells in a row, joined
—_—
at bottom can form a drainage gallery.
Top of each well should be capped with
/ impervious material.
4. Improve surface drainage along top of 4. Good practice for wost slopes. Direct
slope with open ditch or paved gutter. the discharge away from slide mass.
Install deep-rooted, erosion-resistant
plants on slope face.
111. Earth or rock 1. Excavate slide mass and replace with 1. Access for construction equipment and
buttress (or compacted earth or rock buttress fill. temporary stockpile area required.
berm f111) Toe of buttress must be keyed into Excavated soil can usually be used in
firm soil or rock below slide plane. f11l. Underpinning of existing structures
— Drain blanket with gravity flow outlet may be required. Might have to be done in
is provided in back slope of buttress shore sections if stability during con-
——/A//_/ f111. struction ts critical.
/——— 2. Compacted earth or rock berm placed at 2. Sufficient width and thickness of berm
and beyond the toe. Drainage may he required so failure will not occur below
_:/ provided behind berm. or through berm.
IV. Retaining structures 1. Retaining wall - crib or cantilever type. 1. Usually expensive. Cantilever walls
might have to be tf{ed back.
2. Drilled, cast-in-place vertical piles, 2. Spacing should be such that soil can arch
bottomed well below bottom of slide between piles. OCrade beam can be used to
e plane Cenerally 18 to 36 in. in tie piles together. Very large diameter
diameter and 4- to 8-ft spacing. (6 ft +) piles have been used for deep
” slides.
3. Drilled, cast-in-place vertical piles 3. Space close enough so soil will arch
/ ﬂ tied back with battered piles or a dead- between piles. Piles can be tied together
d % man. Piles bottomed well below slide with grade beam.
i plane. Generally 12 to 30 in. in
= diameter and at 4- to 8-ft spacing.
7 Ei :; 4. Earth anchors and rock bolis 4. Can be used for high slopes, and {n very
/ “ limited stress. Conservative design should
2 be used, especially for permanent support.
a . beused, esg peciall for permanent sy pRort.
5. Reinforced earth. 5. Usually expensive.
V. Special techniques 1. Grouting 1. and 2. Used successfully in a number of
cases. Used at other times with
2. <Chemical injection ilittie success. At the present,
theory is not completely understood.
3. Electroomosis (in fine-grained soils). 3. Generally expensive.
4. Freezing 4. and 5. Special methods which must be
specifically evaluated at each site.
S. Heating Can be expensive.

All of these techniques should be carefully
evaluated in advance to determine the probable
cost and effectiveness.

(Courtesy of W. J. Turnbull and M. J. Hvorslev, “Special Problems in Slope Stability, " Journal, Soil

499-528. Reprinted by permission of
ociety of Civil Engineers, New York.)

on Division, Vol 93, No. SM4, 1967, pp 4
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9-1. Foundation-selection considera-
tions. Selection of an appropriate foundation de-
pends upon the structure function, soil and groundwa-
ter conditions construction schedules construction
ractors

he purpose of
subsurface soil condition
of foundations for the bearmg capac1ty and total and

differential settlements. Some foundation alternatives

m
foas®
B
o]
=}
()
=
<
@
o
<
3
e}
n

for different subsoil conditions are summarized in ta-
ble 9-1.

a. Some foundation alternatives may not be initially
obvious. For example, preliminary plans may not pro-
v1ae for a Dasement but wnen cost stumes show that a

?
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ment areas include needed garage space, office or stor-

Table 9-1. Foundation Possibilities for Different Subsoil Conditions

Foundation Possibilities
Subscil Conditions Light, Flexible Structure eavy, Rigid Structure
Deep compact or Footing foundations i. Footing foundations
stiff deposit 2. Shallow mat
Deep compressible 1. Footing foundations 1. Deep mat with possi-
strata on compacted granular ble rigid construc-
zone tion in basement
2. Shallow mat® 2. Long piles or cais-
3. Friction piles sions to by-pass
3. riction piles
Soft or loose 1. Bearing piles or 1. Bearing piles or
strata overly- piers piers
ing firm strata 2. Footing foundations 2. Deep mat
on compacted granular
zone® "
3. Shallow mat”
Compact or stiff 1. Footing foundations® 1. Deep mat (floating
layer overlying . type)
soft deposit 2. Shallow mat 2. Long piles or cais-
sons to by-pass soft
deposit
Alternating soft 1. Footing fougdationsd 1. Deep mat
and stiff 2. Shallow mat® 2. Piles or caissons to
layers underlying firm
stratum to provide
satisfactory
foundation
a . .3 c s IS DU I ST IUIE T TR I
tonsider po ossibie aavantages OI S1te€ preioading wllin 4anda witiioutu
vertical sand drains to accelerate consolidation.

(Courtesy of L. J. Goodman and R. H. Karol, Theory and

ractice oj Foundation Engineering, 1968,

mpanv. Inc
ompany, Inc.,

New York.)

-1



TM 5_818-1/AFM 88-3

Chan_ 7
§ wumwmgws ¥

age space, and space for air conditioning and other
equipment. The last item otherwise may require valu-
able building space or disfigure a roofline.

b. While mat foundations are more expensive to de-
sign than individual spread footings, they usually re-
sult in considerable cost reduction, provided the total
area of spread Iootmgs is a large percentage of the

........ ,J.\A..,A o

cam Ao d

u. Luuuuub umy CL

a Q
>

compansons Carrv these desmns far enough to deter-
mine the approximate size of footings, length and
number of piles required, etc. Estimate the magnitude
of differential and total foundation movements and
. The behavior of similar foun-

Y PR . P IR 1 I TR . SR |
a OI Lypeb lIl Lﬂe area snould pe asceriainea.

d. Final foundation design should not be started un-
a2y Yoo o_at o oa o Lo . Lo . _1.__4_.1 Al_.. 4l O
U1l aiternative types nave pe evdliuarea. Al1S0, Lule el1-
fart nf crthenrfacra ennditinne (hoaring canacitv and cot-
ACTULU VI OUOUL LALUU vVl vVl \Wul llla uuyu\a&u) CALAA UV
tlement) on each alternative should be at least qualita-

tively evaluated.
e. A checklist of factors

2 LAATURAISL L 2al Y vaik

cou 1
tion selection for family housing is shown in table 9-2.
I

mav ha naad +n ananra catia
Alluy AT UOTW LV TiliouL v €A VADA VUL AUNASAR VAVAL sl
mance include the following:
Pl RNRunace tha nanr anil huy maane nf Aaon n“nr‘o,
. 1) PaDB LviiT PUUI UL U 11iTaiio vi \LCUF dAvuiiua
tions extending to or into a suitable bearing material

tween settlements durmg constructmn that affect a
structure and those that occur during construction be-
fore a structure is affected by differential settlements.

c. Remove the poor material, and either treat and
replace it or substitute good compacted fill material.

d. Treat the soil in place prior to construction to im-
prove its properties. This procedure generally requires
considerable time. The latter two procedures are car-
ried out using various techniques of soil stabilization

o

described in chapter 16.

9-3. Cost estimates and final seiection.
a. On the basis of tentative designs, the cost of each

promising alternative should be estimated. Estimate
sheets shouid show orderly entries of items, dimen-

s Airondidiac siwmid smmadastol o3 VL
SIOHB, quarntities, unit material anda 1apoor cosis, ana
rnct avtanginne ITan lanal lahar and matarial nnete
CUSL TAWILISIUIS., UST 10 al 1auU0) ailG iliawiiadi COSW

A | U L y. 1. 2 a1

0. 1ne prelliminary iounaation aesigns tnat are com-
narad muat ha quffiniantly anmnlatad a6 inah:ds 21
pALTU 11UdL UT dSullluiciiug Lulliplicicu W luaviuure au
relevant aspects. For example, the increased cost of

piling may be partially offset by pile caps that are
smaller and less costly than spread footings. Similarly,
mat or pile foundations may require less excavation.
Foundation dewatering during construction may be a
large item that is significantly different for some foun-
dation alternatives.

c. The most appropriate type of foundation gener-

a' ily epresents a compromxse between performance,
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that is more expensive to design, construction cost
should generally govern.

d. Foundation soils pretreatment by precompres-
sion under temporary surcharge fill, regardless of
whether vertical sand drains are provided to accelerate
consolidation, requires a surcnarge loadmg per1od of

o fad PR

about 6 months to a year. The time required may not

e n‘rn“nk]a Iln]ﬂﬂﬂ aarl‘y n]onn!nn Ef‘!l]lnl: »on, l\lm A
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the possible foundation cost reduction that mav be

achieved. Precompression is frequently advantageous
for warehouses and one-story structures. Precompres-
sion design should be covered as a separate design fea-
ture and not considered inherent in structure design.
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Table 9-2. Checklist for Influence of Site Characteristics on Foundation Selection for Family Housing

. a
Foundations

Site Characteristics Post

Spread Slab-on-Grade (all)

Basement

Natural Ground Grading

Level None -

Rolling None -
Rolling Cut and fill -

Hilly None -
Hilly Cut and fill. -
Groundwater

Surface -

Footing level -
below foot-
ing level

Soil Type
GW, GP, GM, GC 1, 2
Sw, SP, SM, SC

-- Requires grading
1, 2, 3, 4, 5 1, 2, 3, 4, 5

-- Requires grading
1, 2, 3, 4, 5 1, 2, 3, 4, 5

Requires temporary --
lowering

1, 2 1, 2

ML, CL, OL 3, 4,5,6 3,4,5,6 3, 4, 5, 6

MH, CH, OH

e b
NN 'N‘N [\
S “J-\“-L\ '«L\
v L 0N

- .
- .
. e
- .

Do not use

Use perimeter
drainage

3, 4, 5, 6

e
.

penetration resistance.

3. Use undrained shear strength, S,

design.
Check if settlement is a problem.

oo~

Check expansive properties.

’

Compaction control - increase density if required, use compaction control in fills.
2. Check relative density of cohesionless (GW, GP, SW, SP) soils;

generally based on standard

to estimate bearing capacity and stress ratios for slab

Check liquidity index as indication of normally or preconsolidated clay.

£doyd ‘c-g8 WAV/L-8L8-S W1
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CHAPTER 10
SPREAD FOOTINGS AND MAT FOUNDATIONS
10-1. General. When required footings cover ment at selected footings. Determine the vertical

more than half the area beneath a structure_, 1t is often
desirable to enlarge and combine the footings to cover
the entire area. This type of foundation is called a raft
or mat foundation and may be cheaper than individual
because oI reduced Iormmg costs and sxmpler
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small, soft spots h , provided the o
quately reinforced. Although mat foundations are
more difficult and more costly to design than individ-
ual spread footings, they can be used effectively.

snots in the soil mat is ade-

10-92, Adoauante foundation denth, The
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foundation should be placed below the frost line (chap
18) because of volume changes that occur during freez-
ing and thawing, and also below a depth where season-
al volume changes occur. The minimum depth below
which seasonal volume changes do not occur is usually

4 Ieet but it varies with location.

nnnnnn of swalling clave the d ;
consist of SWeulng ciays, uié uep‘th may be consider-
ably greater, as described in TM 5-818-7. On slopin

ri N 7. g
ground, the foundatlon should be placed at a depth

pressure will be governed by the allowable ¢
Criteria for determining all
cusséd in chapter 5. The maximum bearing pressure
causing settlement consists of dead load plus normal
live load for clays and dead load plus maximum live

1les SflOuld be exammed

beneath the ootin_gs to a depth equal to
the dlstance between footings, a settlement analysis
should be made assuming the footmgs are independent
of each other. Compute settlements for the maximum

bearing pressure and for lesser values An example of'

stresses beneath individual footings from the influ-
ence charts presented in chapter 5. The footing size
should be selected on the basis of the maximum bear-
ing pressure as a first trlal Dependmg on the nature of
soil conditions, it may o

L 4t VRN P ~ad) __ mL _ . __L:1
portion 1ooting: equalize settlements. The possibil-
1t Af vaduring Aiffavrantial gattlamante hy nranartinn,
iv Ul 1TUUL1LL Ull11TLTiiviAdl DT LUITLLITIIW uy Pl. ‘J‘.’UL vivii
ing Qntmo areas can be determined onlv on fhe qiq

settlements between footlngs are excessive, change the
layout of the foundation, employ a mat foundation, or
use piles.

@) ll loundatlo

0
e_. o
7]
o
=
.f.

tural de51gn is facilitated lf results of settlement
analyses are presented in charts (fig 10-1) which re-
late settlement, footing size, bearing pressures, and
column loads. r’roper footing sizes can be readily deter-

PO Y SR ..L-.AL,. S RS NI | PR 1 PRDIYS DRSS RY
I1i1nea 1rofi bul. CnartsS wiiern uie aitowapoie sevuemerniv
ie nnwn ftar a fanting cize hae hooan ealarntad ~om.
ISR VOLVALDYY 43V0LE QA AVV llls VAILT LIQAD VULvLal opA\«\,wu, R
pute the factor of safety with respect to bearing capac-
ity for dead load plus maximum live load condition.

footings
will take place mostly during constructlon. A proce-
dure for proportioning footings on sands to restrict the
differential settlement to within tolerable limits for
most structures is given in figure 10-2.

d. Foundation pressures. Assume a planar distribu-

tion of foundation pressure for the structural analysis
of a footing. This assumption is generally conserva-
tiva Rar accantrically lnadad faontinae the dicterihution
VAVYT, 4 V1 CULuLLilvE lball_y Aavauvu AUUUIIIED‘ ViAU UWiovi i uwvivia
of the bearing pressure shm uld be determined by equat-
ing the downward load the total upward bearing

pressure and equating the moments of these forces
about the center line in accordance with requirements
of static equilibrium. Examples of the bearing pressure
distribution beneath footings are shown in figure
10-3.

10-4. Mat foundations.
Stability. The bearin

WelhUvive y . 11410 UCQiLa

tions should be selecte

a
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at least 2.0 for dead load plus normal live load and 1.5
for dead load plus maximum live load. By lowering the
base elevation of the mat, the pressure that can be ex-
erted sately by the building is correspondmgly In-

creased (chap 11), and the net increase in loading is re-
Annnd Tha haaring nracenira chnanld ha calarntad en that
uuLcu, LIIC vca. L.\ls PLCDQHLU DilVULIU UJT OTLITLVOU OV uviiauv
the settlement of the mat. foundation will be within
limits that the structure can safely tolerate as a flex-

ible structure. If settlements beneath the mat founda-
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tion are more than the rigidity of the structure will
permit, a redistribution of loads takes place that will
change the pressure distribution beneath the struc-
ture, as subsequently described. The bearing capacity
of loose sands, saturated silts, and low-density loess

ran ho aléan aionifinantlyy ag o raor .u Af catizvnatineg i
Ldll UT allTIiTUu sigluiiicaiivl S d ITOUIL Ul daturauivil, vi-
brations, or shock. Therefore, the allowable bearing
pressure and settlement f these soils cannot be deter-

mined in the usual manner for the foundatlon soils

SETTLEMENT ANAL YIS
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Figure 10-1. Example of method for selecting allowable bearing pressure
fMigure 10-1. hxample of method for selecting allowabdle bearin g pressure.
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may be subject to such effects. Replace or stabilize
such foundation soils, as discussed in chapter 16, if
these effects are anticipated.

b. Conventional analysis. Where the differential
settlement between columns will be small, design the
mat as reinforced concrete flat slab assuming planar
soil pressure distribution. The method is generally ap-
plicable where columns are more or less equally
spaced. For analysis, the mat is divided into mutually
perpendicular strips.

c. Approximate plate analysis. When the column
loads differ appreciably or the columns are irregularly
spaced, the conventional method of analysis becomes

TM 3-818-1/AFM 88-3, Chap. 7

seriously in error. For these cases, use an analysis
based on the theory for beams or plates on elastic foun-
dations. Determine the subgrade modulus by the use of
plate load tests. The method is suitable, particularly
for mats on coarse-grained soils where rigidity in-
creases with depth.

d. Analysis of mats on compressible soils. If the mat
is founded on compressible soils, determination of the
distribution of the foundation pressures beneath the
mat is complex. The distribution of foundation pres-
sures varies with time and depends on the construc-
tion sequence and procedure, elastic and plastic defor-
mation properties of the foundation concrete, and
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a. Design chart for proportioning shallow footings on sand.
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b. Chart for correction of N-values in
sand for ' influence of overburden pressure

Determine N values at 2-1/2-ft in-
tervals between base of footing and
depth B below base. Calculate
average N value.

Select allowable soil pressure from
design chart (a) based on settlement
of 1 in.

If effective overburden pressure cor-
responding to depth of footing differs
greatly from 1 ton/sg ft, adjust N
value according to chart (b).

Multiply allowable soil pressure by
correction factor for depth to water
table- (Dv)'

DV

Cw=0.5+0.5 m

(Courtesy of R. B. Peck, W. E. Hanson, and T. H. Thornburn,
Foundation Engineering, 1974, p 312. Reprinted by permis-

sion of John Wiley & Sons, Inc., New York.)

Figure 10-2. Proportioning footings on cohesionless soils.
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time-settlement characteristics of foundation soils. As
a conservative approach, mats founded on compressi-
ble soils should be designed for two limiting condi-
tions: assuming a uniform distribution of soil pres-
sure, and assuming a pressure that varies linearly
from a minimum of zero at the middle to twice the uni-
form pressure at the edge. The mat should be designed
structurally for whichever distribution leads to the
more severe conditions.

10-5. Special requirements for mat foun-
dations.

a. Control of groundwater. Exclude groundwater
from the excavation by means of cutoffs, and provide
for temporary or permanent pressure relief and dewa-
tering by deep wells or wellpoints as described in TM
5-818-5/AFM 88-5, Chapter 6. Specify piezometers
to measure drawdown levels during construction. Spe-
cify the pumping capacity to achieve required draw-
down during various stages of construction, including
removal of the temporary system at the completion of
construction. Consider effects of drawdown on adjoin-
ing structures.

b. Downdrag. Placement of backfill against base-
ment walls or deep raft foundations constructed in
open excavations results in downdrag forces if weight
of backfill is significant with respect to structural
loading. Estimate the downdrag force on the basis of
data in chapter 14.

10-6. Modulus of subgrade reaction for
footings and mats.

a. The modulus of subgrade reaction can be deter-
mined from a plate load test (para 4-6) using a 1- by 1-
foot plate.

kst = kaB (10-1)
where
ks = the modulus of subgrade reaction for the
prototype footing of width B
ka = the value of the 1- by 1-foot plate in the
plate load test
The equation above is valid for clays and assumes no
increase in the modulus with depth, which is incor-
rect, and may give ke, which is too large.
For footings or mats on sand:

B+ 1) 2
2B

For a rectangular footing or mat of dimensions of

B x mB:

(10-2)

ke = ka

ket = kq (E“»(E (10-3)
1.5m
with a limiting value of k¢ = 0.667ks.
b. ks may be computed as
ks = 36q. (kips per square foot) (10-4)

TM 5-818-1/AFM 88-3, Chap.7

which has been found to give values about as reliable
as any method. This equation assumes q. (kips per
square foot) for a settlement of about 1 inch with a
safety factor, F = 3. A typical range of values of k; is
given in table 3-7.

10-7. Foundations for radar towers.

a. General. This design procedure provides mini-
mum footing dimensions complying with criteria for
tilting rotations resulting from operational wind
loads. Design of the footing for static load and survival
wind load conditions will comply with other appropri-
ate sections of this manual.

b. Design procedure. This design procedure is based
upon an effective modulus of elasticity of the founda-
tion. The effective modulus of elasticity is determined
by field plate load tests as described in subparagraph d
below. The design procedure also requires seismic tests
to determine the S-wave velocity in a zone beneath the
footing at least 12 times the maximum size footing re-
quired. Field tests on existing radar towers have
shown that the foundation performs nearly elastically
when movements are small. The required size of either
a square or a round footing to resist a specific angle of
tilt, a, is determined by the following:

M 1- M (square
B® = 4320(F) ( .
a E. footing) (10-5)
_ M2
D° = 6034(F) 2 ( 1-M ) (round
a E; ¢/ footing) (10-6)

where
B,D = size and diameter of footing, respec-
tively, feet
F = factor of safety (generally use 2.0)
M = applied moment at base of footing
about axis of rotation, foot-pounds
a = allowable angle of tilt about axis of ro-
tation, angular mils (1 angular mil =
0.001 radian)
E; = effective modulus of elasticity of foun-
dation soil, pounds per cubic foot
The design using equations (10-5) and (10-6) is only
valid if the seismic wave velocity increases with depth.
If the velocity measurements decrease with depth, spe-
cial foundation design criteria will be required. The
discussion of these criteria is beyond the scope of this
manual.

c. Effective modulus of elasticity of foundation soil
(Ey. Experience has shown that the design modulus of
elasticity of in-place soil ranges from 1000 to 5000
kips per square foot. Values less than 1000 kips per
square foot will ordinarily present severe settlement
problems and are not satisfactory sites for radar tow-
ers. Values in excess of 5000 kips per square foot may
be encountered in dense gravel or rock, but such values
are not used in design.

10-5
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(1) Use equations (10-5) and (10-6) to compute—
(@) Minimum and maximum footing sizes using

E. = 1000 and 5000 kips per square foot, respectively.
(b) Two intermediate footing sizes using values
intermediate between 1000 and 5000 kips per square

PR IR RN | - -~ P T i | DR PPN
USE LIIese 10Uur vdiues O I uie 101I0OWI1ilE eyua-
*;I\"ﬂ *f\ nnmnnfn "’l’\ﬂ ;“h"DDGD lnv nracaro r\hnno‘o\ m
tions to compute the increase {or pressure change) in
the live load, AL

. 17.0M  (pounds per

square footing AL = ———

q & B square foot)  (10-7)

20.3M  (pounds per

round footing AL = - (pounds pe

square foot)

(2) The E, value depends on the depth of the foot-
ing below grade, the average dead load pressure on the
soll, and the maximum pressure change in the live
land AT tha faundation dua to wind nte A

+in
wau, iy, On uie 1oundavion Qque vo wind moments. A

determination of the E, value will be made at the pro-
posed footing depth for each footing size computed.

(3) The dead load pressure, q,, is computed as the
weight, W, of the radar tower, appurtenances, and the
footing divided by the footing area, A.

o= 2V (10-9)

% A ( )

The selection of loadings for the fieid plate load test
will be based on g, and AL.
d Field plate load test

,_'_l‘._

ocedure. The follow

At 2l 1.4 ~
at tne eievatiom o

smallest unit load due to the dead load pressure .
This unit loading will represent the largest size footing
selected above.

(2) Allow essentiaily full consolidation under the
dead load pressure increment. Deformation readings
will be taken intermittently during and at the end of
the consolidation period.

(3) After consolidation under the dead load pres-
sure, perform repetitive load test using the live load
pressure AL computed by the formulas in paragraph
10-7¢c. The repetitive ioading wiil consist of the dead

TanAd smmncorssen ezrs +h 4hha Viern Jand imavarmand annliad fAar
10alu pressure, Wlbu L€ 11VE 164l HICTITITIIL appuc 101
1 minute. Then release the live load increment and al-

e
&

low to rebound at the dead pressure for 1 minute. This
procedure constitutes one cycle of live load pressure
application. Deformation readings will be taken at
three points: at the start, after the live load is applied
for 1 minute, and after the plate rebounds under the
dead load pressure for 1 minute. Live load applications

urnll ha wanaatad far 18 svnlag
Wiii O I'épeated ior 1o CyLies.

(4) Increase the dead load pressure, q., to the sec-
ond lowest value, allow to consolidate, and then apply
the respective live load increment repetitively for 15
cycles.

(5) Repeat step 4 for the remaining two dead load

pressure increments.

(Y A ad ndibia AF Alacéiniéer wralas
\U’ ﬂll uu\,uu.t;\,ucu luuuuxua Ul <la bl\.;ll/y vaiuc 1d
computed for each increment of dead and live load

pressure as follows:

AL 5
E. = 255 ———"q“ 1-)

E: = uncorrected effective modulus of elastic-
ity for the loading condition used, pounds
per square foot

S = average edge deformation of the plate for
the applied load, determined from the
slope of the last five rebound increments

n tho rnnoflfnyn ]nnr] faef 1nn}1ne

in thae repelitlve ieag tesy, 1incn

u = Poisson’s ratlo (see table 3 6).

(7Y Tha ahava. nnmnnfoﬂ nnnnrvonan mnr]n‘ue r\f
4 1iU UUU VYL LV y AL

)
elasticity will be corrected for bending of the plate as
described in TM 5-824-3/AFM 88-6, Chapter 3,
where E’ is defined above, and E; is the effective mod-
ulus of elasticity for the test conditions.

e. Selection of required footing size. The required
footing size to meet the allowable rotation criteria will
be determined as follows:

(1) Plot on log- log paper the minimum and the
Illdxullulll IUULlllg blLB dllu Llle LWU ulwrmeuldw IUOE'
ing sizes versus the required (four assumed values) ef-
fective modulus of elasticity for each footing size.

(2) Plot the measured effective modulus of elastic-
ity versus the footing size corresponding to the loading
condition used for each test on the same chart as
above.
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CHAPTER N

DEEP FOUNDATIONS INCLUDING DRILLED PIERS

11-1, Geanaral. A deep foundation derives its sup-

RIMALION delive oup

port from competent strata at significant depths below
the surface or, alternatively, has a depth to diameter
ratio greater than 4. A deep foundation is used in lieu
of a shallow foundation when adequate bearing capac-
ity or tolerable settlements cannot be obtained with a
shallow foundation. The term deep foundation in-

cludes niles, piers, or caissons, as well as footings or

Vainlall praalsS, patiais, Vi LRISSVIAS - o2 20V

mats set into a deep excavatlon. This chapter discusses
problems of placing footings and mats in deep excava-
tions and design of drilled piers. Drilled piers (or cais-
sons) are simply large diameter piles but the design
process is somewhat different. An armtrary distinc-
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datlon is fully compensated if the structural load
equals the load removed by excavation, partially com-
pensated if the structural load is greater, and overcom-
pensated if the structural load is less than the weight
of the excavated sml A compensated foundatlon re-

a. The sequence of subsoil heave during excavation
and subsequent settlement of a deep foundation is il-
lustrated in figure 11-1(a). If effective stresses do not
change in the subsoils upon the initial excavation, i.e.,
the soil does not swell due to an increase in water con-
tent, and if no plastic flow occurs, then only immedi-
ate or elastic rebound from change in stress occurs. If
the structural load is fully compensated, the measured

JRPYVS DRNUR R JS IR R PR T DA - maales L
Settiement 01 tne 1ounaavion wouida LUllblbl’ I11y U1l 1¢e-
compression of the elastic rebound, generally a small

ebound, generally a small

re not disturbed by exca-

5]

quantity, provided subsoils
vation.

"b. If the negative excess pore pressures set up dur-
ing excavation “dissipate,” i.e., approach static values,
before sufficient structural load is applied, foundation
swell occurs in addition to elastic rebound. (The origi-

nal effective stresses will decrease.) The foundation
load recompresses the soil, and settlement of the foun-
dation consists of elastic and consolidation compo-
nents as shown in figure 11-1(b). Consolidation occurs
along the recompression curve until the preconsolida-
tion stress is reached, whereupon it proceeds along the
virgin compression curve. Calculate the foundation
heave and subsequent settlement using procedures

outlined in chapter 5.

A T8 4L, +h waanant ¢n tha +uyna and ghaar

C. 11 Lll.t: ucpul Wllzll IT3pTLL LU UIC vypo allu Sinear
strength of the soil is such that plastic flow occurs, loss

of ground may develop around the outside of the exca-
vation with possible settlement damage to structures,
roads, and underground utilities.

d. The rate and amount of heave may be estimated
from the results of one-dimensional consolidation
tests; however, field evidence shows that the rate of
heave is usually faster than predicted. A study of 43
building sites found that the field heave amounted to
about one-third the computed heave. Where excava-

+inna ara laros and ara nnan far aithatantial fima hafara
LViU41D Q1T 14a1 SC aliiul air UPCII AVL SULUDLAlLLIVIAGL LVilLIIT UTLIVULAT
significant foundation loadings are applied, the a(‘h al

11-2 is a plot of a series of field results of heave versus
excavation depth, in which the heave increases sharply
with the depth of excavation. An example of heave and
subsequent settiement calculations for a compensated
foundation is shown in figure 5-4.

e. The yielding of the excavation bottom can be

caused by high artesian water pressures under the ex-
navatinn ar hu o hasring nonnn“— v fn:‘“fo vou“]#‘nrr
Lvavauvivii vl IJJ QA UTalil .5 baya AQilWU ATOULILL AAE

from the overburden pressure on t e soil outside the
excavation at subgrade elevation. Artesian pressure
can be relieved by cutoffs and dewatering of the under-
lying aquifer using deep wells. The pumped water may
be put back in the aquifer using recharge wells outside
the excavation perimeter to avoid perimeter settle-

mante nr tn nracarve tha ornimdwataor tahla far anvio
411TI1LO ULl W ylcecx ¥y< uwiico 5l.uuuuvvawx WULU AUl Ti11vl
ronmental reasons, but this operation is not simple

nd sh
f. The likelihood of bearing capacity failure exists

rimarily in clayey soils and should be analyzed as
<y

aid

shown in chanter 14. A factor of safety, F, > 2, should
ideally be obtained to minimize yielding and p0551ble
settlement problems. A large plastic flow may cause
the bottom of the excavation to move upwards with re-

11



TM 5-818-1/AFM 88-3, Chap. 7

sulting loss of ground. To avoid this possibility, inves-
tigate—

(1) Potential for plastic flow, i.e., relationship be-
tween shear stress and shear strength.

(2) Sequence of placing wall bracing.

(3) Depth of penetration of sheeting below base of
excavation.

g. Two commonly used procedures to control bot-
tom heave are dewatering and sequential excavation of
the final 5 feet or more of soil. Groundwater lowering
increases effective stresses and may reduce heave.
Where subsoil permeabilities are not large, a deep and
economical lowering of the groundwater to minimize

t

heave can sometimes be achieved by an educator-type
wellpoint system. Permitting a controlled rise of the
groundwater level as the building loan is applied acts
to reduce effective stresses and counteracts the effect
of the added building load. Sequential excavation is ac-
complished by removing soil to final grade via a series
of successive trenches. As each trench is opened, the
foundation element is poured béfore any adjacent
trench is opened. This procedure recognizes the fact
that more heave occurs in the later excavation stages
than in earlier stages and is frequently used in shales.

h. The tilting of a compensated foundation can oc-
cur if structural loads are not symmetrical or if soil

~ Excavation _| Building Construction
%’ > >
E
(]
2 (0}
= oty Se
Re> ttlement Elastic Settlement

Time

o—

(a) No effective stress change during excavation

~>—

Jo
& . .

r Q@ Consolidation

% \)(\6 %0(‘ Sett'lemen,t Total

é QgPO Settlement

Elastic Settlement
Lep—
Time

(b) Decrease in effective stress during excavation
(causes subsoil rebound and leads to additional

settlement)

Note:

Figures (a) and (b) are illustrative only.

Some rebound may continue after start of
building construction until sufficient

building load has been applied.

Additional

settlement exceeding that shown in figures
occurs if building load exceeds weight of

excavation.

U. S. Army Corps of Engineers

Figure 11-1. Effect of pore pressure dissipation during excavation and settlement response.
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conditions are nonuniform. Tilting can be estimated
from settlement calculations for different locations of
the excavation. Control of tilt is not generally neces-
sary but can be provided by piles or piers, if required.
Bearing capacity is not usually important unless the
building is partially compensat,ed and founded on clay
The factor of safety against bearing failure is calcu-
e chap 6 f"r Gur) nud wrnpared with the final
Qo less the ex-

10
............ al,

FS = (11-1)
~ <N
G — ¥
The factor of safety should be between 2.5 and 3.0 for
dead load plus normal live load
i. Settlement adjacent to excavations depends on

the soil type and the excavation support system meth-
od employed (chap 14). With properly installed
strutted or anchored excavations in cohesionless soils,

TM 5-818-1/AFM 88-3, Chap.7

settlement will generally be less than 0.5 percent of
excavation depth. Loss of ground due to uncontrolled
seepage or densification of loose cohesionless soils will
result in larger settlements. Surface settlements adja-
cent to open cuts in soft to firm clay will occur because
of lateral yielding and movement of soil beneath the
bottom of the cut. F‘igure 11-3 can be used to estimate

S o e s o PRy AL o aa) L
L.

LIle mdgmLuue dIlU exwm OI Selulelneil
11-4. Underpinning.

a. Structures supported by shallow foundations or
short piles may have to be underpinned if located near
an excavation. Techniques for underpinning are de-
picted in figure 11-4. The most widely accepted meth-
ods are jacked down pxles or piers, which have the ad
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drllled p1e of more recent vmtage and is more eco-
nomical where it can be used. In sandy soils, chemical
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Figure 11-2. Excavation rebound versus excavation depth.
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pm structures by f rmlng a zone of hardene
support the foundation.

b. In carrying out an underpinning operation, im-
portant points to observe include the following:

(1) Pits opened under the building must be as

small as possible and survey monitoring of the build

Leruuue ll (.ldlllagll g m ovements ar Oc(,'l.i‘rrulg.
(N Cara must ho talkan fn nvnnnnf 1 1

\&J] VALT 1liUSy UT vanvii

ing of local areas of the bu1ldmg during Jacklng

(3) Concrete in piers must be allowed to set before
any loading is applied.

(4) Chemically stabilized sands must not be sub-
ject to creep under constant load.

¢. The decision to underpin is a difficult one because

__‘:
i
Z !‘ 7\‘?‘6“1 n NN, N AN,
O]
o 4 W
E liza 7
>
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E ! | «a—— JACKED DOWN PILE
PR | 1
-ﬁ
-
a. JACKED DOWN PILES
(PLACED IN SEGMENTS)
fx
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]
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b. JACKED DOWN PIERS (DRILLED
AND CAST IN PLACE OR INSTALLED

A -~

BY HAND EXCAVATION]

11 c Arp‘ly Cormns

it is hard to estimate how muc
can actually undergo before
values given in tables 5-2 and 5-3 may be used as
guidelines.

]
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tion construction, it is important that excavation sub—
soils be protected against deterioration as a result of
exposure to the elements and heavy equipment. Diffi-
culties can occur as a result of slaking, swelling, and
piping of the excavation soils. Also, special classes of
soils can collapse upon wetting (chap 3). Methods for

nratasrting an nvnn‘vnl-‘nn awva dagawibhad 1 Aaoéail i 4o
MPLUWCULLLLLE 4dll TALAVaAlulull alTt UtdUL1UTcU 111 uclall 11

ble 11-1 along

a3l with r-vvv“u

es for identifyin
lem soils. If these measures are not carried ou
likely will be subject to a loss of integrity and subse-

quent foundation performance will be impaired.
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d. CAST-IN-PLACE CONCRETE
SLURRY WALL IN LIEU OF
CONVENTIONAL UNDERPINNING

Figure 11-4. Methods of underpinning.
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Table 11-1. Excavation Protection.

Soil Type Identification Problems and Mechanism Preventative Measures
Overconsolidated Stiff plastic clays, (1) One dimensional (1) Rapid collection of sur-
clays natural water content heave, maximum face water, or grading
near plastic limit heave at excava- around excavation
See figure 3-14 for tien center (2) Deep pressure relief to
swelling potential (2) Swelling dependent minimize rebound
on plasticity (3) Place 4" - 6" working mat
(3) Usually fractured of lean concrete immedi-
and fissured. Ex- ately after exposing sub-
cavation opens grade (mat may be placed
these, causing over underseepage and
softening and pressure relief systems
strength loss placed in sand blanket)
(4) If sloped walls, use as-
phalt sealer on vertical
walls, burlap with rubber
sheeting or other mem-
brane on flatter slopes
Chemically ( Lab testing (1) Swelling, slaking (1) Protect from wetting and
inert,; unce- ( Soil and geologic maps and strength loss drying by limiting area
mented clay- ( Local experience if water open at subgrade
stone or shale infiltration (2) Concrete working mat
(2) Rebound if over- (3) Paving, impervious mate-
consolidated rials to avoid water in-
(generally the filtration; place sealing
case) coats immediately after
(3) Cracking if dry exposure
or evaporation (4) Reduce evaporation and
allowed drying to prevent
swelling on resaturation
(Continued)

(Sheet 1 of 3)
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Table 11-1. Excavation Protection—Continued

Soil Type Identification Problems and Mechanism Preventative Measures
Limestone (1) Geologic maps and Open cavities and cav- (1) Avoid infiltration; col-
local experience erns; soft infilling lect surface runoff and
(2) Borings and soundings in joimts, cavities. convey it to a point
to determine cavity Dewatering can cause where its infiitration
locations cavity collapse or will not affect
settlements of in- excavation
filling materials (2) Eliminate leaks from util-
ity or industrial piping
and provide for inspec-
tion to avoid infiltra-
tion continuing after
correction
(3) Avoid pumping which causes
downward seepage or
recharging
Collapsing soils (1) See figure 3-16, (1) VWhen infiltrated (1) Drainage and collection
(primarily Yg VS Wy, plot with water, sudden system to avoid water
loess and vol- (2) vy, < 85 PCF decrease in bulk infiltration
canic ash) (3) Large open "structure" volume; may or may (2) Preload excavation area,
with temporary source not require load- and pond with water to
of strength ing in conjunction cause collapse prior to
(4) Liquid limit < 459% with seepage excavation
plasticity index 0-25% (2) Water action re-
(5) Natural water content duces temporary
well below 100% source of
saturation strength; usually
(6) Optimum water content capillary temsion
for collapse between or root structure
13-39% (3) Low erosion
resistance
(Continued) (Choaot 7 ~€ 23
et & 01 5y
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Table 11-1. Excavation Protection—Continued.

Soil Type Identification Problems and Mechanism

Preventative Measures

Soft, normally (1) Recently deposited, or (1) Primarily low

consclidated ne geologic loading strength, unable
or sensitive and unloading to support const.
clays (2) Leached marine clays equipment
(3) Natural water content (2) Remolded by con-
near or above liquid struction activ-
limit ity, causing

strength loss

Provide support, and prevent
remolding: place timber
beams under heavy equipment;
cover excavation bottom with

1' - 2' of sand and gravel
fill and/or 6" - 8" of lean
concrete

(Sheet 3 of 3)
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11-6. Drilled piers. Drilled piers (also drilled
shafts or drilled caissons) are often more economical
than piles where equipment capable of rapid drilling is

readiiy avaiiabie because of the large capacity of a

though typical design loads are on th
1,000 kips. In addition, drilled piers are used under

lightly loaded structures where subsoils might cause
building heaving. Shaft diameters for high-capacity
piers are available as follows:

From 2-% feet by 6-inch increments
From 5 feet by 1-foot increments
Also available are 15- and 2-foot-diameter shafts. Com-

monly, the maximum diameter ot drilied plers is unde
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m‘aximum depth of about 200 feet. Low capacity
drilled piers may have shafts only 12 to 18 inches in di-
ameter and may not be underreamed.

b. Installation. The drilled pier is constructed by
drilling the hole to the desired depth, belling if in-
creased bearing capacity or up lift resistance 1s re-

quired, placing necessary reinforcement, a ing
the cavity with concrete as soon as possible after the
hole is drilled. The qw.ntxty of concrete should be

measured to ensure that I 3
filled. Reinforcement may not be necessary for vertical
loads; however, it will always be required if the pier
carries lateral loads. A minimum number of dowels
will be required for unreinforced piers to tie the super-

e " _ - | o JEINY P PR 5 I Ay |
structure to the pier. Reinforcement should be used
only if necessary since it is a netr"ctlo.. obstrucnop

hlgher strength concrete in lieu of reinforce-
ment. In caving soils and depending on local experi-
ence, the shaft is advanced by:

(1) Drilling a somewhat oversize hole and advanc-
ing the casing with sna[t advance. L,asmg may be used

When ﬂrillir\
dlately. The casmg may be left in place or withdrawn
while simultaneously maintaining a head of concrete.
If the casing is withdrawn, the potential exists for
voids to be formed in the concrete and specnal atten-

AN

tion should be given to the

vv‘, a/1ai:id

from entermz the shaft bv mamtalnmg a posmve head
differential in the shaft, since the drilling fluid has a
higher density than water. The reinforcing steel can be

TM 5-818-1/AFM 88-3, Chap.7

placed in the slurry-filled hole. Place concrete by
tremie.

(8) Use of drilling mud and casing. The shaft is
drilled using drilling mud, the casing is placed, and the
drilling mud is bailed. Core barrels and other special
drilling tools are available to socket the pier shaft into

‘4 1 — [s T2 J0-U0 PR Uy Gy
shape, it is possible to place 30- to 36-inch cores into
solid rock at a rate of 2 to 3 feet per hour. Underreams
are either hemispherical or 30- or 45-degree bell

slopes. Underreaming is possible only in cohesive soil
such that the underslope can stand without casing sup-
port, as no practical means currently exists to case the

c. Estimating the load capaciiy of a drilled pier
Estimate the ultimate capacity, Q,, of a drilled pier as
follows:

N _ N A
u = Qus(skin resistance) T ‘Qup (point) (11‘2)
The design load based on an estimated 1-inch
settlement is
Q=Qu+ Qo (11-3)
3
(1) Drilled piers in cohesive soil. The skin resis-
tance can be computed from the following:
H
r /1
QJS = tavg ) LU C; az {(11-4)
)
where
a.g = factor from table 11-2
H = shaft length
C = shaft circumference

¢, = undrained shear strength at depth z
Use table 11-2 for the length of shaft to be cons1der d
T Iy " = Py
ar

R U S _ — < 1.
in computing H and for limiting valu
The base resistance can be computed from the Lollowe
ing:
ing:

— N A~ A_
Qup = N 3B AB {(11-5)
where

Nc = bearing capacity factor of 9 (table 11-2)

¢ = undrained shear strength for distance of
two diameters below tip

Ag = base area

(2) Driiied piers in sand. Compute skin resistance
from the following:
H
Qs = aC J Potan¢dz (11-6)
o
where
a.y = 0.7, for shaft lengths less than 25 feet
Uavy = 0.6, for shaft lengths between 25 and
40 feet

Qavg = 0.5, for shaft lengths more than 40 feet

n-9
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Table 11-2. Design Parameters for Drilled Piers in Clay

Side Resistance Rezzgtance
o Limit on side N
Design Category avg shear - tsf c Remarks
A. Straight-sided shafts in either homo-
geneous or layered soil with no soil
of exceptional stiffness below the
base
1. Shafts installed dry or by the
slurry displacement method 0.6 2.0 9
2. Shafts installed with drilling (a) ayye may be in-
mud alQng some portion of the (a) (a) creaseq to 0.6 and side
hole with possible mud entrapment 0.3 0.5 9 shear increased to 2.0
drilled
B. Belled shafts in either homogeneous SSf for segments drille
or layered clays with no soil of y
exceptional stiffness below the base
1. Shafts installed dry or by the
slurry displacement methods 0.3 0.5 9
2. Shafts installed with drilling (b) G,yp D2y be in-
mud along some portion of the (b) (b) creased to 0.3 and side
hole with possible mud entrapment 0.15 0.3 9 shear increased to 0.5
tsf for segments drilled
C. Straight-sided shafts with base dry
resting on soil significantly
stiffer than soil around stem 0 0 9
D. Belled shafts with base resting
on soil significantly stiffer than
soil around stem 0 0 9

Note: In calculating load capacity, exclude (1) top 5 ft of drilled shaft, (2) periphery of bell,
and (3) bottom 5 ft of straight shaft and bottom 5 ft of stem of shaft above bell.

L°doy) ‘e-gg WiV /L-8L8-€ WL



p. = effective overburden pressure at depth
z

= effective angle of internal friction
Arching develops at the base of piers in sand similar to
piers in clay; thus, the bottom 5 feet of shaft should
not be included in the integration limits of the above
equations. The base resistance for a settlement of

about 1 inch can be computed from the following:

Q= M ¢=131Bqg (11-7)
0.6B

where

2L o

TM 5-818-1/AFM 88-3, Chap. 7

base area

base diameter

0 for loose sand

32,000 pounds per square foot for medium
sand

80,000 pounds per square foot for dense
sand

1-1



CHAPTER 12

PILE FOUNDATIONS

12-1. General. Bearing piles ar foundations
used to transmit foundation loads to rock or soil layers
having adequate bearing capacity to support the struc-
ture and to preclude settlement resulting from consoli-
dation of soil above these layers. When the bearing
strata are beiow the g’rou water table, and when off-
1 . o

snore structures

are deep
xr©

they do not require dewatering of the site. Piles also

may be used to compact cohesionless soils and to serve

as anchorages against lateral thrust and vertical up-

lift.

12-2. Design. These Iectxon de51gn, and placement
01 ions ar ussed in detail in the latest
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13-1. General. Natural and man-made deposits of
soils that contain substantial proportions of clay min-
erals have a potential for swelling or shrinking with
cnange m waner content. bernam engmeermg aspeccs

13-2. Foundation problems. The problems re-
lated to expansive soils should be referred to the
above-mentioned manual.

13-1



CHAPTER 14

RETAINING WALLS AND EXCAVATION SUPPORT SYSTEMS

a. General. Retaining walls must be designed so
that foundation pressures do not exceed allowable
bearing pressures, wall settlements are tolerable, safe-
ty factors against sliding and overturning are ade-
quate, and the wall possesses adequate structural

valuatmg earth pressures on

herem for ¢ .leswnless backf:ll mate , which
should be used whenever practicable.
kL Erarppe neting nn rotaining mnlle Raveoae inelinda
u LUreed uLving Uie rciureery, WWiLLo., 1 ULULTOD 1iiviuuc
earth pressures. seenage and unlift nreq ures, sur-
earth pressures, seepage a D pressure

grams for pr1nc1pa1 wall types are shown in figure
14-1. The magnitude and distribution of active and
passive earth pressures are developed from the earth

theory for walls over 20 feet high and from semiempi-
rical curves for lower walls. The subgrade reaction
along the base is assumed linearly distributed

14-2. Earth pressures.

Earth pressure at rest. For cohesionless soils,
with a horizontal surface, determine the coefficient of
earth pressure at rest, K,, from the following:

K, = 1-sin¢ (14-1)
b. Active earth pressure. Formulas for calculating
the coefficient of active earth pressure for a cohesion-
less soil with planar boundaries are presented in figure
14-2.
c. Passive earth pressure. Formulas for calculating
the coefficient of passive earth pressure for a cohesion-
less soil with planar boundaries are presented in figure

[
D

3

'

D

n

- @
-

b
::.

n
T piToTi

face is ff1c1entlv accurabe f the majority of practi-
cal problems. A logarithmic spiral failure surface
should be assumed when passive earth pressure is cal-
culat,ed and the angle of wall friction, d, exceeds ¢'/3
Ear h pressure coefficients based on a logarithmic

verestnmat»es pas-

sive resistance. Becaus small movements mobilize 4

and concrete walls are relatively rough, the wall fric-
tion can be considered when estimating earth pres-
sures. In general, values of d for active earth pressures
should not exceed ¢'/2 and for passive earth pressures
should not exceed ¢'/3. The angle of wall friction for

walls subjected to vibration should be assumed to be

TT nccrncrnse 4 1o s .L‘L‘.ﬁ:,\...a.l.. anniivats +n cociimma thao
nowever, it 1S SuIricie 1l1y attula LU addUullic uiic 1ul-
lowing locations of the earth pressure resultant:

(1) For walls on rock:

0.38H above base for horizontal or downward
sloping backfill
0.45H above base for upward sloping backfill
(2) For walls on soil:

g,

")
k] <o)

L

]
(4]

D
=
w
=
"
o

an 1rregular area, use mfluenc charts based on the
Boussinesq equations for horizontal loads and double
the horizontal pressures obtained.

g. Dynamic loads. The effects of dynamic loading on
earth pressures are beyond the scope of this manual.
Refer to geotechnical engineering textbooks dealing
with the subject.

14-3. Equivalent fluid pressures. The equiv-
alent fluid method is recommended for retaining walls
less than 20 feet high. Assign available backfill materi-
al toa category listed in figure 14-6. If the wall must
be designed without Knowleage of backfill properties,

Py adtn Lo nl £211 cnncortsens A PRI S Ry Sy
Stilliate DacKriil pl edSUIes o1l Ll € 04asis 01 II1OSUL 1=

suitable material that may be used. Equivalent fluid
pressures are shown in figure 14-6 for the straight

slope backfill and in figure 14-7 for the broken slope
backfill. Dead load surcharges are included as an
equivalent weight of backfill. If the wall rests on a
compressible foundation and moves downward with

1001

respect to the oacxnu pressures should be increased

50 percent for backfill types 1, 2, 3, and 5. Although
pm__lva]pnf f'lnid n pequree includ eepagp ef pr‘fs and

quate drainage should be prov1ded.

14-1
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cein
sin

Where KA =

+

2 [ . [sin{g + 6] sinle - 8)
; i - + 2= :
sin® o sin(a - &) ll Nsinla - 8) sinla B)J

.. Component of PA perpendicular to wall back is:

Special cases
N\ e~ An rs
(1) It a=%W , B=U , L

(Typical K, values for this case are given in Fig. 14-4.)
. A
(g) If, in addition, & = O:
2 . )
Ky = cos_ ¢ 5 = 1 -sing¢ _ tan2(45 _ %)
(1 + sin ¢) 1+ sin ¢

U. S. Army Corps of Engineers

Figure 14-2. Active pressure of sand with planar boundaries.
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7
B LS
S A R RS
/ Voo A
[ . \- LS
H p \- = 7
§ A - LA .2
[ AR e,
YR AR
sin? (a - ¢)
Where K_ = LU S
L S [;_ _fin(e + 8) sinle + B)°
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U. S. Army Corps of Engineers

Figure 14-3. Passive pressure of sand with planar boundaries.
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14-4. Design procedures for retaining

a. (,merw for selecting earth pressures
(1) The equivalent fluid method should bet
estimating active earth pressures on retaining struc-
tures up to 20 feet high, with the addition to earth
pressures resulting from backfill compaction (fig
14-8).

(2) For walls higher than 20 feet, charts, equa-
tions, or graphical solutions should be used for com-
puting lateral earth pressures, with the addition of
anvth nracs resulting from backfill compaction.

Tal v yl oo AN aa vasagy 2L

(3) Use at-rest pressures for rigid retaining struc-
tures resting on rock or batter piles. Design cantilever
walls founded on rock or restrained from lateral move-

ment for at-rest pressures near the base of the wall, ac-

oS5
ad for

1
MoTiL a2

roQ

11
wa TS
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the depth at which they no longer increase lateral
earth pressures (fig 14-8). Generally, a linear varia-
tion in earth pressure coefficients with depth may be
assumed between the sections of wau

{4) Consider passive pressures in the design if ap-
plied loads force the structure to move against the s01l
Passive pressures in front of retaining walls are par-

tially effectxve in resisting horizontal sliding.

b. Overturning. Calculate the factor o of safety, FS,

against overturning, defined as the ratio of resmtmg
moments to the overturning moments. Calculate the
resultant force using load diagrams shown in figure
14-1, as well as other loadings that may be apphcable
Use only half of the ultimate passive resistance in cal-
culatmg the safety factor The resultant of all forces

a1l alhaas
wall should fall within the mid-

tive pressures along the upper portions of the wall, and dle third to provide a safety factor with respect to
compaction-induced earth pressures from the top to overturning equal to or gr eater than 1.5.
i.0 =K,
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Figure 14-4. Active and passive earth pressure coefficients according to Coulomb theory.
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c. Sliding.

(1) The factor of safety against sliding, calculated
as the ratio of forces resisting movement to the hori-
zontal component of earth plus water pressure on the

OIN TFfanil in Frennt ~F
41 DUl 111 llUlAb Vi

back wall, should be not less than 2.0.

the toe is dlsturbed or loses its strength because of pos-
sible excavation, ponding, or freezing and thawing,
passive resistance at the toe, P,, should be neglected

and the minimum factor of safety lowered to 1.5; but
if the potential maximum passive resistance is small,
the safety factor should remain at 2.0 or higher.

{2) For high walis, determine the shearing resis-
tance between the base of wall and soil from labora-
tory direct shear tests in which the adhesion between
the concrete and the undisturbed soil is measured. In
the absence of tests, the coefficient of friction between
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Figure 14-5. Horizontal pressures on walls due to surcharge.
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concrete and soil may be taken as 0.55 for coarse-
grained soils without silt, 0.45 for coarse-grained soils
with silt, and 0.35 for silt. The soil in a layer beneath
the base may be weaker, and the shearing resistance
between the base of wall and soil should never be as-
sumed to exceed the soil strength. Consider maximum
uplift pressures that may develop beneath the base.

T 5-818-1/AFM 88-3, Thap.

(3) If the factor of safety against sliding is insuffi-

cient, increase resistance by either increasing the

width of the base or lowering the base elevation. If the

wall is founded on clay, the resistance against sliding

should be based on s, for short-term anaiysis and ¢’ for
long-term analysis.
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CIRCLED NUMBERS INDICATE THE FOLLOWING SOILS TYPES:
1. CLEAN SAND AND GRAVEL: GW, GP, SW, SP.
2 DIRTY SAND AND GRAVEL OF RESTRICTED PERMEABILITY:
GM, GM-GP, SM, S4-SP.
3. STIFF RESIDUAL SILTS AND CLAYS, SILTY FINE SANDS,
CLAYEY SANDS AND GRAVELS: CL, HiL, CH, #H, Ct, 5C, GC.
4 VERY SOFT T0 SOFT CLAY, SILTY CLAY, ORGANIC SILT
AND CLAY: CL, ML, OL, CH, MH, OH,
8. MEDIUM TO STIFF CLAY DEPOSITED IN CHUNKS AND
PROTECTED FROM INFIL TRATION: CL, CH,
FOR TYPE S MATERIAL H 1S REDUCED BY 4 FT, RESULTANT ACTS
AT A HEIGHT OF (H-4)/3 ABOVE BASE.

(NAVFAC DM-7)

Figure 14-6. Design loads for low retaining walls, straight slope backfill.
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d. Bearing capacity. Calculate from the bearing ca-
pacity analysis in chapter 6. Consider local building
codes or experience where applicable.

e. Seiilemeni and iiliing. When a high retaining
wall is to be founded on compressible soils, estimate

total and differential settlements using procedures
outlined in chapter 5. Reduce excessive total settle-
ment by enlarging the base width of the wall or by us-
ing lightweight backfill material. Reduce tilting in-
duced by differential settlement by proportioning the
size of the base such that the resultant force falls close
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FOR TYPE 5 MATERAL M IS REDUCED BY 4 FT, RESULTANT ACTS
AT A HEIGHT OF (H-4)/3 ABOVE BASE,
FOR DESCRIPTION OF SOIL TYPE SEE FIGURE 1L—6
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Figure 14-7. Design loads for low retaining walls, broken slope backfill.

a
&



to the center of the base. Limit differential settlement
to the amount of tilting that should not exceed 0.05H.

If settlements are excessive, stabilize compressible
soils by surcharge loading or a support wall on piles.

f. Deep-seated failure. Check the overall stability of
the retaining wall against a deep-seated foundation
failure using methods of analysis outlined in chapter
8. Forces considered include weight of retaining wali,
weight of soil, unbalanced water pressure, equipment,
and future construction. The minimum safety factor is
15

g. Use of piles. When stability against bearing ca-
pacity failure cannot be satisfied or settlement is ex-
cessive, consider a pile foundation. Use batter piles if
the horizontal thrust of the lateral earth pressure is
high.

14-5. Crib wall. Design criteria of crib walls are
presented in figure 14-9.

A £ PFPaamiccmbdlowm scsmmand
19=0:. EALCUVYTAEIIVII DUppPUI T
of steep or vertical slopes for a deep excavation is often
necessitated by land area availability or economics.
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COMPACTION EQUIPMENT

10-TON SMOOTH WHEEL ROLLER
3.2-TON VIBRATORY ROLLER
1.4-TON VIBRATORY ROLLER
400-KG VIBRATORY PLATE

120-KG VIiBRATORY PLATE

——— LATERAL PRESSURE iN EXCESS OF

ACTIVE PRESSURE INDUCED BY
COMPACTION.

K0, K o0y
CRITICAL (On)c
DEPTH, D , ft pef
19 420
1.7 400
1.2 260
156 340
1.0 240

Figure 14-8. Estimates of increased pressure induced by compaction.
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Such slopes are commonly supported by a cantilever
wall (only for shallow excavations), a braced wall, or a
tieback wall (fig 14-10). In some cases, it may be eco-
nomical to mix systems, such as a free slope and a tie-
back wall or a tieback wall and a braced wall. Table
14-1 summarizes the wall types with their typical

properties and advantages and disadvantages. Table

14 9 ]‘Infﬂ fnnfnm fnr nnlnnf“'\g uyo“ n"ppcrt s.yatems

for a deep excavation (>20 feet). Table 14-3 gives de-

sign parameters, such as factors of safety, heave prob-
lems, and supplemental references.

i
'trm!'u. SECTION

—_D
cﬁ-\\h!w%; ’A/ E C»/' J

TISH TAIL TYPE ASSEMBLY

ﬂ/ﬁﬂw bock
m - Anchor biaci

75

CORNER OF BIN ASSEMBLY

CRIB RETAINING WALLS

TYPES - Commoa types of cridbs shown
oa accompanying diagrams.

CRIBBING MATERIALS - Timber, con-
crete, and metal,

FILL - Crushed stone, other coarse
lrnn!ar material. includine rock leas

than 12-ia. size. T

DESIGN - Deéviga criteria for gravity
walls apply. Wall section reoictin(

gverturaing iz takes as a rectasgle &f

dimension (H x b).

Welght of crib is equal to that of matae-
rial withia (H x b), lnclndmg weight of
erid membere.

Low walls (4 ft high and under) may be
made with a plumb face. Higher walls

ara battered on the face 22 lanat 2 1w

per foot. For high walls (12 ft high

and over] the batter is increased or sup-~
plemental cribs added at the back.
lropcn face cribs, the lpa:c between
stretihers sbould oot exceed 8 in. 56 a6
to properly retain the fill.

Expansion joints for concrete and metal
cribbing are spaced no more than 90 f2.

FILLING - The wall should not be laid
up higher than 3 ft above the level of the
il within the crid.

DRAINAGE & FROST ACTION - No
special requiremeants, wall should be
made free draining.

BIN TYPE RETAINING WALL - Com-
posed of metal bins or cells joined to
special columnay units at the corners,
The design requiremeants are the same
as for crid walle except that suitable
draisage behind the wall I3 needed.

(NAVFAC DM-7)

Figure 14-9. Design criteria for crib and bin walls.



14-7. Strutted excavations.

| IR al A on or
a. Empirical design earth pressure diagrams devel-

oped from observations are shown in figure 14-11. In
soft to medium clays, a value of m = 1.0 should be ap-
plied if a stiff stratum is present at or near the base of
the excavation. If the soft material extends to a suffi-

cient depth below the bottom of the excavation and

gmm—‘

a. CANTILEVER WALL
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N
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KICKER BLOCK OR
FOUNDATION SLAB

¢. RAKER SYSTEM
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N\ 4 '//»u

~/

¢. FREE SLOPE-TIEBACK WALL

U. S. Army Corps of Engineers

TM 5-818-1/AFM 88-3, Chap. 7

significant plastic yielding occurs, a value of 0.4
should be used for m. The degree of plastic yielding be-
neath an excavation is governed by the stability num-
ber N expressed as

N = yH/s, (14-2)
where y, H, and s, are defined in figure 14-11. If N ex-
ceeds about 4, m< 1.0.

~STRUTS
\ v XS
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b. CROSS-LOT BRACED WALL

d. ANCHOR OR TIEBACK WALL

NN

b/

N NG
| LT B

f. TIEBACK-BRACED WALL

Figure 14-10. Types of support systems for excavation.
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Table 14-1. Types of Walls

Typical EI
Values per foot
Name Section ksf Advantages Disadvantages
Steel sheeting 900-90,000 (1) Can be impervious (1) Limited stiffness
(2) Easy to handle and (2) Interlocks can be
construct lost in hard driv
{(3) Low initial cost ing or in gravell
soils
Soldier pile 2,000-120,000 (1) Easy to handle and (1) Wall is pervious
and lagging construct (2) Requires care in
(2) Low initial cost placement of
(3) Can be driven or lagging
augered
Cast-in-place 288,000~ (1) Can be impervious (1) High initial cost
concrete 2,300,000 (2) High stiffness (2) Specialty contrac
slurry wall (3) Can be part of required to
permanent construct
structure (3) Extensive slurry
disposal needed
(4) Surface can be r
Precast con- 288,000~ (1) Can be impervious (1) High initial cost!
crete slurry 2,300,000 (2) High stiffness (2) Specialty contrac
(3) Can be part of required to
permanent construct
structure (3) Slurry disposal
(4) Can be prestressed needed
(4) Very large and h
members must be |
dled for deep sy
(5) Permits some yie.

¢ \
{tontinuea)

of subsoils
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Table 14-1. Types of Walls—Continued
Typical EI
Values per foot
Name Section ksf Advantages Disadvantages
Cylinder pile 115,000- (1) Secant piles (1) High initial cost
wall 1,000,000 impervious (2) Secant piles require

{(2) High stiffness

(3) Highly specialized
equipment not
needed for tangent
piles

(4) Slurry not needed

special equipment

L°doyd 'c-g8 WAV /L-8L8-S W1



b. For stiff-fissured clays, diagram (c) of figure
14-11 applies for any value of N. If soft clays, diagram
(3] applies except when the computed maximum pres-

sure falls below the value of the maximuin pressure in

Aiacovam (Y In thaca cases, aanarally fnr N < BEnarfA
ulaslu‘ll \\4’ AdL U‘l\/w Bvll\/lull woVL vy,

diagram (c) is used as a lower limit. There are no de-
sign rules for stiff intact clays and for soils character-
ized by both ¢ and ¢ such as sandy clays, clayey sands,
or cohesive silts.

c. The upper tier of bracing should always be in-
stalled near the top of the cut, although computations
may indicate that it could be installed at a greater
depth. Its location should not exceed 2s, below the top
Aftha wrall

Ul L1IT ywall,
d. Unbalanced water pressures should be added to
9 TP s frunnler

tne eartn pressiures wWnere ne wa ter can move ireely
th d the life of the excavation,

uring
uring the iife of excavatior

Buovant umt welzht is used for the soil below water.
Where undrained behavior of a soil is considered to ap-

ply, the use of total unit weights in calculating earth
pressures automatically accounts for the loads pro-
duced by groundwater (fig 14-11). Pressures due to
the surcharge load are computed as indicated in pre-

wvinue santinng and addaAd o +Ln anwth and wratar nwaa
Vi0uS SeCuiCns ana aaaea i€ €arun ana wawer pico-

sures.

o Ranh ctwmit 3
€. Lalii suviuv

ing halfway to the trut
load is obtained by summing the pressure over the
corresponding tributary area. Temperature effects,
such as temperature increase or freezing of the re-

tained material, may significantly increase strut loads.

u. A VT,
iacent strut (fig 14-11). The strut

4% LAY 4 2T a2/ 2

f. Support is carried to the sheeting between the
struts by horizontal structural members (wales). The
wale members should be designed to support a uni-
formly distributed load equal to the maximum pres-
aure determined from fionre 14-11 timaoge the gnacing

VA iiaa8aTNA 2AViia dap AT 4 44 VALAAUU vaiU Spavaiip

between the wales. The wales may be assumed to be
simply supported (pinned) at the struts.

Tabie 14-2. Faciors invoived in Choice of a Suppori Sysiem jor a Deep Excavaiion

Lends Itself To Use
Requirement of

0!’7 ] ] Comment

1. Open excavation area  Tiebacks or rakers or
(
\

low excavation)
2. Low initial cost

walls; combined soil

slope with wall

Diaphragm or cylinder
pile walls

3. Use as part of per-
manent structure

Strutted or raker sup-
ported diaphragm or
cylinder pile walls

k. Deep, soft clay sub-
surface conditions

5. Dense, gravelly sand Soldier pile, diaphragm

or ¢lav subscils or mn«ina.v- n{‘l-
+&Qy SUCSCL.s +anlCe

Deep, overconsoli-

dated clays

N

Struts, long tiebacks
or combination tie-
backs and struts

(rig. 14-10)

T. Avoid dewatering Diaphragm walls, pos-
sibly sheetpile walls

in soft subsoils

High preloads on stiff
strutted or tied-back
wall

8. Minimize movements

9. Wide excavation Tiebacks or rakers
{greater than 20m

wide)

10. Narrow excava- Crosslot struts
tion (less than

20m wide)

Soldier pile or sheetpile

Crosslot struts

Diaphragm walls, cyl-
inder pile walls

Depends somewhat on 3

Sheetpile or soldier
pile walls

Diaphragm wall most com-
nmon as permanent wall
Tiebacks, flexible

walls

Tieback capacity not
adequate in soft clays

Sheetpile walls Sheetpile walls lose in-

terlock on hard driving

Short tiebacks High lateral stresses are
relieved in 0.C. soils
and lateral movemenis
may be large and extend
deep into soil

Soldier pile wall is
pervious

Soldier pile wall

Flexible walls Analyze for stability of

bottom of excavation

Crosslot struts Tiebacks preferable ex-
cept in very soft clay
subsoils

Struts more economical
but tiebacks still may
be preferred to keep
excavation open

Tiebacks or rakers

Army Corps of Engineers



Table 14-3. Design Considerations for Braced and Tieback Walls

Design Factor

Comments

)

Earth loads

Water loads

Stability

T

D+
ripliiy

Movements

Dewatering - recharge

Surcharge

For struts, select from the semiempirical diagrams (fig. 14-10); for walls

and wales use lower loads - reduce by 25 percent from strut loading.
Tiebacks may be designed for lower loads than struts unless preloaded t
higher values to reduce movements

Often greater than earth load on impervious wall. Should consid r pos

e si
AAAAAAA A o111
aer wdill.

Dewatering can be used to reduce water loads

Consider possible instability in any berm or exposed slope. Sliding po-
tential beneath the wall or behind tiebacks should be evaluated. Deep
seated bearing failure under weight of supported soil to be checked in
soft cohesive soils (fig. 14-12)

T A~ A€ srainAd A hs nAdc :
Loss of ground caused by high groundwater tables and silty

Difficulties occur due to flow beneath wall, through bad
or through unsealed sheetpile handling holes. Dewatering may be
required.

~

Movements can be minimized through use of stiff impervious wall supported
by preloaded tieback or braced system. Preloads should be at the level
of load diagrams (fig. 14-11) for minimizing movements

Dewatering reduces loads on wall systems and minimizes possible loss of
ground due to piping. May cause settlements and will then need to re-
charge outside of support system. Not applicable in clayey soils

Storage of construction materials usually carried out near wall systems.
Allowance should always be made for surcharge, especially in upper
members

(Continued)

s.
ints in wall,
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Table 14-3. Design Considerations for Braced and Tieback Walls—Continued

Design Factor

Comments

10.

11.

12.
13.

14.

Preloading

Construction sequence

Temperature

Frost penetration

Earthquakes

Codes

Factors of safety

Useful to remove slack from system and minimize soil movements. Preload
up to the load diagram loads (fig. 14-10) to minimize movements

Sequence used to build wall important in loads and movements of system.
Moments in walls should be checked at every major construction stage
for maximum condition. Upper struts should be installed early

Struts subject to load fluctuation due to temperature loads; may be impor-
tant for long struts

In very cold climates, frost penetration can cause significant loading on
wall system. Design of upper portion of system should be conservative.
Anchors may have to be heated

Seismic loads may be induced during earthquake. Local codes often govern

For shallow excavations, codes completely specify support system. Varies
from locality to locality. Consult OSHA requirements

Minimum Design
Item Factor of Safety

Earth Berms
Critical Slopes
Noncritical Slopes
Basal Heave

General Stability

— e N
(RO, SRV, N




14-8. Stability of bottom of excavation.

a. Piping in sand. The base of an excavation in sand
is usuaily stable unless an unbalanced hydrostatic
“rrainlr? Annditin A t"\n athnde

head creates a GuiCk CoOnaiuidn. Among ung meunoas
to eliminate instability are dewatering, application of
a surcharge load at the bottom of the excavation, and
deeper penetration of the piling.

0. Heaving in Cl’d_"y‘s The smbuu,_y aguumu heave of
the bottom of an excavation in soft clay may be eval-
uated from figure 14-12. If the factor of safety is less
than 1.5, the piling should be extended below the base

of the excavation. Heave may also occur because of un-

relieved hydrostatic pressures in a permeable layer lo-
cated below the clay.

c. Care of seepage. Small amounts of seepage into
the excavation can be controlled by pumping from
sumps. Such seepage can be expected if the excavation
extends below the water table into permeable soils. If
the soils consist of fine sands and siits, the sumps
should be routinely monitored for evidence of fines be-
uls washed from the soil uy scepage. Iflar g< quautxtxcn
of fine-grained materials are found in the sumps, pre-
cautionary steps should be taken to make the lagging
or sheeting watertight to avoid excessive settlements
adjacent to the excavation.

(a) SANDS (b) SOFT TO FIRM CLAYS (c) STIFF FISSURED CLAYS
[ S ' ! ™ T 3
< ‘\ 0.25H _ h\ 0.25H
T e— T He— N
¢ t——
< |
! 2 I I L I |
; 0.75H4 I
— | = 4
— e ——
«— «—— ! lee. °'is" .
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NOTES:

1. CHECK SYSTEM FOR PARTIAL EXCAVATION CONDITION
2. IF THE FREE WATER LEVEL IS ABOVE THE BASE OF THE EXCAVATION THE

HYDROSTATIC PRESSURE MUST BE ADDED TO THE ABQOVE PRESSURE

DISTRIBUTION |IN SANDS

3. IF SURCHARGE LOADINGS ARE PRESENT AT OR NEAR THE GROUND
SURFACE THESE MUST BE INCLUDED IN THE LATERAL PRESSURE
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Figure 14-11. Pressure distribution—complete excavation.
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14-9. Anchored walls.
a. Tiebacks have supplanted both strut and raker

systems in many instances to support wide excava-

$inma Tha t10hanlr f“\n‘ 1A,1 QA ~annonta f‘-\n uyo" fr\ an
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anchorage located m a zone where significant soil
movements do not occur. The anchorage may be in soil
or rock; soft clays probably present the only condition
where an anchorage in soil cannot be obtained reliably.
In figure 14-13, the distance Ly, should extend beyond
the “Rankine” zone some distance. This distance is nec-

P Y L N At Fininmt alanmantinm in

essary, in puz t, to obtain sufficient €101igation il amn-
chored length of rod L, during jacking so that soil
creep leaves sufficient elongatlon that the design load
is retained in the tendon. After jacking, if the soil is
corrosive and the excavation is open for a long time,
the zone L, may be grouted Alternatively, the length
of t,endon Luw 18 palmea or wrappea with a grease im-

pregnuwu W!uppcx \pl lUl bU }Jldbllls lll PUDIU.UII’

b. The tieback tendon may be either a single high-

TENSILE ROD

|
PROTECTIVE JACKET

{AS REQUIRED)

U. S. Army Corps of Engineers

TM 5-818-1/AFM 88-3, Chap.7

strength bar or several high-strength cables (f, on the
order of 200 t0 270 kine per square inch) hunched Tf 8

UTE Uil LUV W L Laips g atea T 2ialaas ASRRalaaTAL.

usually inclined so as to reach better bearing material,
to avoid hole collapse during drilling, and to pass un-
der utilities. Since only the horizontal component of
the tendon force holds the wall, the tendon should be
inciined a minimum.

c¢. Tieback anchorages may be drilled using contin-
uous flight earth augers (commonly 4 to 7 inches in
diameter) and may require casing to hold the hole until

ovant ianlanad in thasana T Af F‘mn-n 14_12 at+ whinh
Brouv is ylaucu 1Ml LT ZUIIC 14y U1 1igU 13— 10, av wiiilii

time the casing is withdrawn. Grout is commonly used
under a pressure ranging from 5 to 150 pounds per
square inch. Underreaming may be used to increase
the anchor capacity in cohesive soil. Belling is not pos-
sible in cohesionless soils because of hole caving. Typi-
cai formuias that can be used to compute the capacity

afdiahanlr anmahavacsns ana oteran i fiomiwa 14_14
Ul ucualn auliivraged alT giveoll il LIEULT 13- 1%,

d. Exact knowledge of the anchor capacity is not

Figure 14-13. Typical tieback detatls.
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Figure 14-14. Methods of calculating anchor capacities in soil.



(about 120 to 150 percent of de81gn load) when the ten—
dons are tensioned for the design load. One or more an-
chors may be loaded to failure; however, as the cost of
replacing a failed anchor is often two to three times

111

the cost of an initial msernon care should be taken not

T 5-818-1/AFM 88-3, Chap. 7

to fail a large number of anchors in any test .
If the tieback extends into the property of others, per-
mission, and possibly a fee, w1ll be required. The tie-
back tendons and anchorages should normally be left
in situ after construction is completed. See table 14-3

for additional design considerations.

14-21
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a. Fills include conventional compacbed filis; hy-
draulic fills; and uncontrolled fills of soils or industrial
and domestic wastes, such as ashes, slag, chemical
wastes, building rubble, and refuse. Properly placed
compacted fill will be more rigid and uniform and have
greater strength than most natural soils. Hydraulic
fills may be compacted or uncompacted and are an eco-
nomical means of providing fill over large areas. Ex-
cept when cohesionless materials, i.e., clean sands and

la awa mlanad 1imdan nan 6...«]]»..-1 nnn.-l-h,w\

graveis, are piaced undaer Conurouea Conaivions s¢ si
nockets are avoided and are compac as t
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placed, hydraulic fills will generally require some typ
of stabilization to ensure adequate foundations.

b. Uncontrolled fills are likely to provide a variable
bearing capacity and result in a nonuniform settle-
ment. They may contain injurious chemicals and, in
some instances, may be chemically active and generate
gases tnat must be conducted away from the strucmre

s ~Af thn cnnnn A wd dhia. Ao
01 tne secona ana bllllu SIUUPB

1
if not adeguatelv compacted)
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should be sub]ected to detailed investigations to deter-
mine their suitability for supporting a structure, or
else they should be avoided. Unsuitable fills often can
be adequately stabilized.

15-2. Foundations on compacted fills.

a. Comnacted fill beneath fgunr]nhnne Comnacted

W. LU PLLWCh Juw UChCueie NIV e UTEC s VR AL W

fills are used beneath foundations where it is neces-
sary to raise the grade of the structure above existing
ground or to replace unsatisfactory surface soils. Fills
constructed above the natural ground surface increase
the load on underlymg soils, causing larger settie-
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pone induced settlements have taken place.
Settlements beneath a proposed fill can be computed
using methods outlined in chapter 5. If computed set-
tlements are excessive, consider surcharging and post-
poning construction until the expected settlement un-
der the permanent fill loading has occurred. Extend
the fill well beyond the loading area, except where the

fill is placed against a cut slope. Where the fill is rela-
tively thick and is underlain by soft materials, check
its stability with respect to deep sliding. If the fill is
underlain by weaker materials, found the footings on
the fill unless settlement is excessive. If the fill is un-

derlain Dy a stronger materxal the Iooungs may be

soil, or rock and partlally on compacted fill, settle-
ment analyses are required to estimate differential set-
tlements. In general, a vertical joint in the structure
should be provided, with suitable architectural treat-
ment, at the juncture between the different segments
of foundations. The subgrade beneath the portions of

foindatinaneg ta ha ﬁ“nr\n\’fﬂr‘ nn ha ral ﬂnl]c nr rool
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should be undercut about 3 feet and replaced by com-
pacted fill that is placed at the same tlme as the fill for

the portions to be supported on thicker compacted fill.

¢. Location of borrow. Exploratory investigations

&apiuia

should be made to determine the suitable sources of
borrow material. Laboratory tests to determine the
suitability of available materials include natural water
contents, compaction characteristics, grain size distri-

A

bUElOH Ar,r,eroerg llmlBS, shear surengm and consoli-

ation Tynical nraonartice af comnantad matoriale for
avion. 1ypicai properiies 01 compacied materiais ior

use in nrpllmmarv analvses are given in table 3-1. The

___________ allalys i SRR S

S:L

susceptlblhty to frost action also should be considered

in analyzing the potential behavior of fill material.
The scope of laboratory testing on compacted samples
depends on the size and cost of the structure, thickness

and extent of the Illl, and also su'engtn and compr essi-

bility of underlying soils. Coarse-grained soils are pre-
ferred for fill; however, most fine-grained soils can be

used advantageousl_y if attention is given to drainage,
compaction requirements, compaction moisture, and

density control.

d. Design of foundations on fill. Foundations can be
designed on the basis of bearing capacity and settle-
ment calculations described in chapter 10. The settle-
ment and bearing capacity of underlying foundation
soils also should be evaluated. Practlcally all types of

annatmintian nan ha faiimdad
vail.
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vided the structure is designed to

..
('DS

pacted. Good and continuous field 1nspect10n is essen-
tial.

e. Site preparation. The site should be prepared by
clearing and grubbing all grass, trees, shrubs, etc. Save
as many trees as possible for environmental consider-
ations. The topsoil should be stripped and stockpiled
for later iandscaping of fill and borrow areas Placing

A Ansaan bl ahAateld e Pl A sxrle A
ana Cullipadc blllg 11118 Snouia preier, uux_y UC uuue winen
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the area is still unobstructed by footings or other con-
struction. The adequacy of compacted fills for support-
ing structures is dependent chieﬁy on the uniformity
of the compaction effort. Compaction equipment g

erally can be used economically and efficiently only on
large areas. Adverse weather conditions may have a
pronounced effect on the cost of compacted fills that
are sensitive to placement moisture content, i.e., on
materials having more than 10 to 20 percent finer

than the No. 200 sieve, depending on gradation.

f. Site problems. Small building areas or congested
areas where many small buildings or utility lines sur-
round the site present difficulties in regard to maneu-
vering large compaction equipment. Backfilling adja-
cent to structures also presents difficulties, and power
hand-tamping equipment must be employed, with con-
siderable care necessary to secure uniform compaction.
Procedures for backfilling around structures are dis-

cussed in TM 5-818-4/AFM 88-5, Chapter 5.

15-3. Compaction requirements.

a. General. Guidelines for selecting compaction
equipment and for establishing compaction require-
ments for various soil types are given in table 15-1. If
fill materials have been thoroughly investigated and
there is ample local experience in compacting them, it
is preferable to specify details of compaction proce-
dures, such as placement water content, lift thickness,

i TS, Suvil paalelllClly Walll COLLEIAAS, 2220 LAAILALIL0S

type of equipment, and number of passes. When the
source of the fill or the type of compaction equipment
is not known beforehand, specifications should be
based on the desired compaction result, with a speci-
fied minimum number of coverages of suitable equip-

sam mand b accsiian anmaibiag

sz
ment 1o assire uniiorm llllby 01 LUlllpabde dcllblblcb

b. Compaction specifications. For most projects the
placement water content of soils sensitive to compac-
tion moisture should be within the range of — 1 to +2
percent of optimum water content for the field com-
paction effort applied. Each layer is compacted to not
less than the percentage of maximum density specified

in table 15- 2. It is generally important to spemfy a
high degree of compaction in fills under structures to
minimize settlement and to ensure stability of a struc-

ture. In addltlon to crltena set forth in ™
) s

AXAT WS,

(1) The sensitivity of the structure to total and
differential settlement as related to structural design
is particularly characteristic of structures to be found-
ed partly on fill and partly on natural ground.

(2) If the ability of normal compaction equipment
to produce desired densities in existing or locally avail-
able materials within a reasonable range of placement

15-2

water content is considered essential, special equip-
ment should be specified.

(3) The compaction requirements for ciean, co'ne—
5io dess, granular maw:rials wdl be generally lusucx

o

matenals readily consolidate, or hqulfy, when subject-
ed to vibration. For structures with unusual stability
requirements and settlement limitations, the mini-
mum density requirements indicated in table 15-2
should be increased. For coarse-grained, weli-graded,
cohesionless soils with less than 4 percent passing the

No. 200 S‘e‘v’e or for pnnr]v grndor] cohesionless soils

with less than 10 percent, the material should be com-
pacted at the hig est practical water content, prefer-
ably saturated. Compaction by vibratory rollers gener-
ally is the most effective procedure. Experience indi-
cates that pervious materials can be compacted to an
average relative density of 85 + 5 percent with no
practical difficulty. For cohesionless materials, stipu-
late that the fill be compacted to either a minimum
density of 85 percent relative density or 95 percent of
CE 55 compaction effort, whichever gives the greater

density.
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no greater density than required for stability under
proposed loadings (table 15-2). The bearing capacity
and settlement characteristics of the fill under these
conditions should be checked by laboratory tests and
analysis Swelling clays can, in some instances, be per-

manenuy transformed into soils of lower plasucny

and swelling potential by adding a small percentage of
hydrated lime (chap 16).
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onndation fill. Vibratory rollers are
ock. Settlement of fill un-
der the actlon of the roller provxdes the most useful in-
formation for determining the proper loose lift thick-
ness, number of passes, roller type, and material
gradatlon Compaction with a 10-ton vibratory roller

is generally preferable. The rock should be kept
watered at all times during compaction to obviate col-

lapse settlement on loading and first wetting. As gen-
eral criteria for construction and control testing of
rock fill are not available, test fills should be employed
where previous experience is inadequate and for large
important rock fills.

15-4. Placing and control of backfill. Back-
fill should be placed in lifts no greater than shown in
table 15-1, preferably 8 inches or less and depending
on the soil and type of equipmen‘t available. No back-
£:1 haald hn mlanad ¢ha g Frn Taa ~f anil
1111 blluulu e p altcu blldb LUllbdlllb llULCll lulupa Ul aUll,

as later thawing will produce local soft spots. Backfill
should not be placed on muddy, frozen, or frost-cov-
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Table 15-1. A Summary of Densification Methods for Building Foundations

!
]

struction equipment

F11l and Backfill Deep Poundation Deposite
Soil Soil Degree —
Group | Types of Typical Equipment and Procedures for Compaction Compaction
Compaction Equipment No. of Passes [Comp. Lift Placement Field Control Methods Field Control
or Coverages |Thick., in. Water Content
GW 30 to 95% of - " .
oP CE 55 maximum Z“:r:ffzzsr liers and Indefinite Indefinite|Saturste by flooding | Control samples at in- | Nome available
SW density tervals to determine except for near
SP degree of compaction surface (to
€ 75 to 85% of Rubber-tired rou"(ﬂ) 2-5 coverages 12 or relative density approximate
$ | relative depth of 5 ft)
é density compaction by
equipment and
- 3 Cravler-type trnct.or(r‘) 2-5 coverages 8 procedure shown
-4 at left
z
g Fower hand t.uper(( ) Indefinite 6
g
& 85 to 90% of (a)
~ CE 55 maximum Rubber-tired roller 2-5 coverages 1k Saturate by flooding | Control samples as Vibroflotation, Und{sturbed
] density noted above, if oexded compaction piles, samples fro=
8 - sand piles, ex- | borings or test
‘E 3 321:’:13? of Cravler-type ?.mwr(b) 1-2 coverages 10 Plosives 21: :2;’::’:;
E- density Surface compac- | compaction or
8 ) tion as noted relative density
i Pover tand tamper( Indefinite 8 sbove
@
Controlled routing of con-
struction equipment Indefinite 8-10
M 90 to 95% of (a) Optimun wvater con- Control samples at in- (A) Surface compaction by equip-
Gc CE 55 maximum Rubber-tired roller 2-5 coverages 8 tent based on CE 55 tervals to determine ment and procedures shown st left
™ T density test vith 12 & degree of compaction is feasible only if material is at
: b4 (a) per layer proper water content
oL Sheepsfoot roller -8 passes 6 (B) Densification of soils is con-
oL trolled by consolidation process
a OH -
3 M Pover band ulper(c) Indefinite b o] preloed fills
E pr b) lowering of ground-water
tadble
& OF 85 1o 908 of o (A) Optimum water (A) Control samples as %—m—
P ; Ban o aaa ey (8 Bk seversses N content based on noted above, 1if needed -y ac-
‘g Ziniiz;‘m“ meerE e e ® 10 CE 55 test with (8) Pt ! celsrated by msans of send
eld control exer-
7 blovs per layer drains
H (a) ) e Y vt tonl i7" | Field control 1sed by ob
2 d (2) By observation; tion of action of com- eld con exerc -
Shee; [} 8 3
2 2 pefoot roller -8 pasecs wet side-maximum wa- | pacting equipment servation of pore pressures and
£ » ter at which surface settlements
- E. (v) material can satis-
3 ) Cravler-type tractar 3 coverages 6 factorily operute,
2 @ dry side-aminimm va-
g ter required
(a) to bond particles
Fover band tamper Indefinite 6 and vhich vill pot
result in voids or
boneycombed materisl
Controlled routing of con- Indefinite 6-8

|

Note: The above reguirements will be adequate in relation to most consfruction.
additional compaction equivalent to 95 to 100% of CE 55 compaction effort.
s crawler-type tractor over each point in the area being compacted.

being compacted.

Stg Rubber-tired rollers having & wheel losd between 18,000 and 25,000 1b and a tire pressure between 50 and 10t psi.
Cravler-type tractors weighing not less than 20,000 1b and exerting a foot pressure not less than 6-1/2 pei.
(cg Fower band tampers weighing more than 1001b; poeumatic or operated by gasoline engine.
Sheepsfoot rollers having a foot pressure betveen 250 and 500 psi and tamping feet 7 to 10 in. in length with & face ares between 7 and 16 8q 1in.

In special cases where tolerable settlements are unusually small, it may be necessary to employ
A coverage consists of one application of the wheel of a rubber-tired roller or the threads of
For a sheepsfoot roller, one pass consists of one movement of s sheepsfoot rollier drum over the area
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AR BEE Maviminm Nances v o
i JJ Liaa Llauil ucuc;by 9 0
Cohesive Cohesionless
Soils Soils
<11 Py, Ty P maemAd hoaal.£f211
ILLL, (=411 dlll\lﬂcul—, ally vaCUARll1lll
Under proposed structures, building 90 95~
slabs, steps, and paved areas
Under sidewalks and grassed areas 85 90
Subgrade
Under building slabs, steps, and paved 90 95
areas, top 12 in.
Under sidewalks, top 6 in. 85 90
a av hae Y vyalative dencitv whichaver ic ioher
May be % relative density, whichever is higher.

ered ground. Methods of compaction control during

construction are described in TM 5-818-4/AFM 88-5,
Chapter 5.

15-5. Fill settlements. A fill thickness of even
3 feet is a considerable soil load, which will increase
stresses to a substantial depth (approximately 2B,

where B = smaliest laterali dimension of the fili).
Qa ot O a1 L0 Lo Vo ab il
OLUIess 1ncreases 1ro1i e 11l may De ia [ger unan tno

fram atrmintiira fantinae nlarad an the fill TTea nrana.
LrQII SUIuCvure i00WUngs pialed Gil wie 1l vsSe pPride
dures outlined in chap er 10 to ob tain exmct@d ttlg-

thickness, especxally where an area is landscaped via
both cutting and filling to obtain a construction site.
In similar cases, attention should be given to building
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footings (top for cantilever action or bottom for simple
beam action) may help control building cracks where
settlement i8 mevxtable bmldmg ]omts can be provxd-

ea at C necessary The combined eI-
fant af atvnntn {oana nd twa.gtary ragidannag) and
2 LI ULy 11U LWUTDLUL Y 1TOIUCTILILTY) allu

loading fo up to ir
soxl and using comnactlon control hould not produce a
differential settlement of either a smooth curved
hump or sag of 1 inch in 50 feet or a uniform slope of 2
inches in 50 feet.

15-6. Hvdraulle fills. Hvdraulic fills laced

on land or underwater | by p })ﬁm -ate_ii;l-t-}irgli;li‘;
pipeline from a dredge or by bottom dumping from
barges. Dredge materials vary from sands to silts and

fine-grained silty clays and clays. Extensive mainte-

as a
198

nance dredging in the United States has resulted in
dlsposal areas for dredge matemals whlch are especial-

a
<
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ment purposes. . Dikes are usually r
draulic fills on land and may be feasible for

RAZ Rjalal 222aS Vil a&aall QaAks as

ter fills. Underwater dike ’ma; be constructed of large
stones and gravel.

]
3
=g
<
®
=N
®
=
]
<
(=]
(=N
o
]
=g
(=]
N
()
5
@
®
=]
e
r" -
rg—'-
]
=
<
.8
]
< 0

felatlve Uciisity J

lower. Controlled placement is necessary to avoid silt
concentrations. Compaction can be used to produce
relative densities sufficient for foundation support (ta-
ble 15-1). Existing uncompacbed hydraulic fills of per-
v1ous materials in seismic areas are subject to liquefac-

At fianbiac =]l by camesinnd 18 temm b and
11U

estimates of relative densxtv may be obtained using
standard penetration resistance. Undisturbed borings
will be required to obtain more precise evaluation of in
situ density and to obtain undisturbed samples for cy-
clic triaxial testing, if required. For new fills, the
coarsest materiails econornically available should be

ard TTnlage gananial nravigiang ara made for ramawval

usw- VIHITDD apcblal P‘UVIDIUIIB aicT iliauc 1vul 1ciuivvail
s horrow nnnfnlnlno more than 10 nercent fines
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passmz the No. 200 sieve should be avoided, and even
then controlled placement is necessary to avoid local
silt concentrations.
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b. Fine-g mn;pd fills, Hyr‘ranlicauy

-vvv6

solidated clays

to run off. The slope of such fills will be extremely flat
ranging from about 12to 16Hon 1V.
(1) These fills will undergo large immediate con-



solidation for about the first 6 months until the clay
balls distort to close void spaces. Additional settle-
ments for a 1-year period after this time will total
about 3 to 5 percent of the fill height.

(2) Maintenance dredgings and hydraulically
placed normally consolidated clays will initially be at
water contents between 4 and 5 times the liquid limit.
Depending on measures taken to induce surface drain-
age, it will take approximately 2 years before a crust is
formed sufficient to support light equipment and the
water content of the underlying materials approaches
the liquid limit. Placing 1 to 3 feet of additional conhe-
sionless borrow can be used to improve these areas rap-
idly so that they can support surcharge fills, with or
without vertical sand drains to accelerate consolida-
tion. After consolidation, substantial one- or two-story
buildings and spread foundations can be used without
objectionable settlement. Considerable care must be
used in applying the surcharge so that the shear
strength of the soil is not exceeded (i.e., use light
equipment).

c. Settlements of hydraulic fills. If the coefficient of
permeability of a hydraulic fill is less than 0.0002 foot
per minute, the consolidation time for the fill will be
long and prediction of the behavior of the completed
fill will be difficult. For coarse-grained materials with
a larger coefficient of permeability, fill consolidation
and strength buildup will be relatively rapid and rea-
sonable strength estimates can be made. Where fill
and foundation soils are fine-grained with a low coeffi-
cient of permeability, piezometers should be placed
both in the fill and in the underlying soil to monitor

TM 5-818-1/AFM 88-3, Chap. 7

pore pressure dissipation. It may also be necessary to
place settlement plates to monitor the settlement. De-
pending on the thickness of the fill, settlement plates
may be placed both on the underlying soil and within
the fill to observe settlement rates and amounts.

d. Compaction of hydraulic fills. Dike-land hydrau-
lic fills can be compacted as they are placed by use of—

(1) Driving track-type tractors back and forth
across the saturated fill. (Relative densities of 70 to 80
percent can be obtained in this manner tor cohesion-
less materials.)

(2) Other methods such as vibratory rollers, vibro-
flotation, terraprobing, and compaction piles (chap
16).

Below water, hydraulic fills can be compacted by use
of terraprobing, compaction piles, and blasting.

e. Underwater hydraulic fills. For structural fill
placed on a dredged bottom, remove the fines dis-
persed in dredging by a final sweeping operation, pref-
erably with suction dredges, before placing the fill. To
prevent extremely flat slopes at the edge of a fill, avoid
excessive turbulence during dumping of the fill mate-
rial by placing with clamshell or by shoving off the
sides of deck barges. To obtain relatively steep slopes
in underwater fill, use mixed sand and gravel. With
borrow containing about equal amounts of sand and
gravel, underwater slopes as steep as 1V on 2H may be
achieved by careful placement. Uncontrolled bottom
dumping from barges through great depths of water
will spread the fill over a wide area. To confine such
fill, provide berms or dikes of the coarsest available
material or stone on the fill perimeter.
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CHAPTER 16

STABILIZATION OF SUBGRADE SOILS

b. The relatwe benvflts of vibrocompaction, vibro-
displacement compaction, and precompression in-
crease as load intensity decreases and size of loaded
area increases. Soft, cohesive soils treated in place are
generally suitable only for low-intensity loadings. Soil
stabmzatlon of wet, sott solis may be accompusnea Dy

rary stabilization by freezmg. The range of soil grain
sizes for which each stabilization method is most appli-
cable is shown in figure 16-1.

LV SN B V | 1 NSy at Vil s
16-2. Vibrocompaction. Vibrocompaction
methods (blasting, terraprobe, and vibratory rollers)

of saturated cohe-

sionless soils (fig 16-1). The ranges of grain-size distri-

butions suitable for treatment by vibrocompaction, as

well as vibroflotation, are shown in figure 16-2. The

effectiveness of these methods is greatly reduced if the
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ductivity of such matenals is too low to
drainage following liquefaction. The usefulness of
these methods in partly saturated sands is limited, be-
cause the lack of an increase of pore water pressure im-
pedes hquetactlon Lack of complet,e saturation 1s 1ess
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triction to use of Ulusuug because the h 111511-111-

anving detonation rhen]am:g

tensity shock wave accompanying detonation displaces
soil, leaving depressions that later can be backfilled.
a. Blasting
(1) Theoretical design procedures for densifica-

tion by blasting are not avallable and contmuous on-
site supervision by experienced engineers having au-
thority to modify procedures as required is esential if
this treatment method is used. A surface heave of
about 6 inches will be observed for proper charge sizes

asml Yo il . Queealmnn Aunda
and placement depths. Surface cratering should be
avoided. Charge masses of less than 4 to more than 60

pounds have been
ence for charges usi

s the th ckness of the layer to be den51f1ed and
three to five successive detonations of several spaced
charges each are likely to be more effective than a sin-
gle large blast. Little densification is likely to result
above about a 3-foot depth and loosened material may

remain around biast pomr,s Firing patterns should be

-
=
.
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aatahlichad ta ount id +ho 3 in”
established to avoid the “boxing in” of pore water
Free-water escape on at least two sides is desirable.

(2) If blasting is used in partlv saturated sands or
loess, preﬂoodmg of the site is desirable. In one tech-
nique, blast holes about 3 to 3"z inches in diameter are
drilled to the desired depth of treatment, then small
charges connected by prlma cord, or 81mpl

"

cord axone are stru
hala g Aotanat d in

1IUIT 1D ucviia e l

......... holes fo by lateral displacement are
backfilled. A slmced -in cohesxonles backfill will densi-
fy under the action of vibrations from subsequent
blasts. Finer grained backfills can be densified by

tamping.

diameter holes

b. Vibrating probe (terraprobe).
(1) A 30-inch-outside-diameter, open-ended pipe
plle with ’/, -inch wall thickness is suspended from a vi-

3 .2

bratory pile driver

10 ¢+ 15 faat

An o od 12 IT A ) PRy
allng di 1o Iz, /A prooe 1eligull
10 to 15 feet g' a t d

a
11T
- to

ina vertlcal mode. Probe are made t spacings of 3 to
10 feet. After sinkage to the desired depth, the probe
is held for 30 to 60 seconds before extraction. The total
txme requlred per probe 1s typically 2‘/z bo 4 mmutes

Q
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of 12 to 60 fe Areas in the range o1 tc 700
square yards may be treated per machine per 8-hour
shift.

(2) Test sections about 30 to 60 feet on a side are
desirable to evaluate the effectiveness and required
probe spacing. The gram size range of treated soil
should tall w1th1 limits shown in tlgure 16-2. A
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Table 16-1. Stabilization of Soils for Foundations of Structures

MOST SUITABLE !,‘m’f]m IECOMOMICAL SPECIAL SPECIAL PROPERTIES OF SPECIAL RELATIVE
METHOD PRINCIPLE SOIL COMDITIONS/ 1:nu1'1m S1zk or MATERIALS EQUIPMENT TREATED ADVANTAGES COSTS
TYPES mwu TIREATIED AREA REQUIRED REQUIRED IATERIAL AND LINITATIONS (1976)
BLASTING sihock wavres and Saturated, clean 60 ft Smmll areas Explosives, Jetting or Can obtain Rapid, inexpen- Low
vibrations cause sands; partly can be backfill to drilling relative densitins | sive, can treat ($0.50
liquefaction, din- saturated sands treated plug drill machine to 70-80%; may get ssall areas; $1.00
placement:, romold- and silts after econonically | holes variable density variable proper- per cu yd
ing flooding ties, no improve-
ment near surface,
dangerous
8 TERRAPROBE Censification by Saturated or dry | 60 ft >1.200 yd2 MNone Vibratory Can obtain Rapid, simple, Moclerate
|+ vibration; lique- clean sand (Ineffective pile driver Nelat:ive Densitiss | good underwater; $1.50-
§ faction induced above 12 ft and 750 mm of 808 or more soft underlayers $3.2%
settlement under depth) dia open may damp vibra- per cu yd
overburden steel pipe tions, difficult $2.00/cu yd
to penetrate, average
a stiff overlayers,
N not good in
partly saturated
soils
VIIRATORY Densification by Cohasionless 6-10 ft Any sisze None Vibratory Can obtain very Pest method for Low
ROLLERS vibration; lique- soils roller high relatiwve thin layers or
faction induced densiities; upper lifts
settlement under few decimeters
roller weight. not densified
CONPACTION Densification by Loone sandy 60 ft Suall to Pile material Pile driver Can obtain high Useful in soils High
PILRS displacement of soills; partly moderate (often sand densities, good with fines, uni-
pile volume and saturatod clayey or soil plus uni formity fors compaction,
by vibration soills; loesn cement easy to check
during driving aixture) results; slow,
| limited improve-
E ment in upper
g 1-2m
§ NEAVY TAPING Ropeated appli- Cohasionless 50-60 ft >4000 ydz Mone Tamper of Can cbtain hilgh Simple, rapiq, <Vibro-
(Dynamic cation of high soils bust, 10-40 tons relative denditios, | suitable for soms | flotation
Consolidation) intensity impacts othor types can high capacity | reasceable soils vith fines;
at surface alse be improved crane uniformity usable above and
below water;
requires comtrol,
& must be away from
E existing structures
E VIBROFLO- Densification by Cohesionlesn 90 ft >1200 ydz Granular Vibroflot, Can obtain high Useful in satu- $10.00-
TATION vibration and soils with less backfill cirane relative densitics, | rated and partly $25.00/yd
comspaction of than 200 fines good uniformity saturatod soils, $1.00/cu yd
backfill material uni form!ty May be about
half compac-~
tion piles or
concrets pilles
(Continued) (Sheet 1 of 5)
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Table 16-1. Stabilization of Soils for Foundations of Structures—Continued

MOST SUITABLE ':XRI:::“ ECONOMICAL SPECIAL SPECIAL PROPERTIES OF SPECIAL RELATIVE
METHOD PRINCIPLE SOIL COMDITIONS/ TREATMENT SIZE OF MATERIALS BQUIPMENT TREATED ADVANTAGES COSTS
TYPES DEPTYH TREATED AREA REQUIRED REQUIRED MATERIAL AMD LIMITATIONS (1976)
PARTICULATE Penetration grout- Medium to coarse | Unlimited Small Grout, water Mixers, tanks, | Impervious, high Low cost grouts, Lowest of
GROUTING ing-fill soil sand and gravel pumps, hoses strength with high strength; the grout
pores with soil, cement grout, limited to systems
cement, and/or eliminate lique- coarse-grained
clay faction danger soils, hard to
evaluate
CHEMICAL Solutions of two Medium silts and | Unlimited Small Grout, water Mixers, tanks,| Impervious, low Low viscosity, High to
GROUT ING or more chemicals coarser pusps, hoses to high strength, controllable gel very high
react in soil eliminate lique- time, good water $30/m’ min-
pores to form a faction danger shut-off ; high $80/m’typ-
gel or a solid cost, hard to ical
3 precipitate evaluate
I
g PRESSURE Lime slurry Expansive clays Unlimited, but Small Lime, water, Slurry tanks, Lime encapsulated Rapid and eco- $2.50 t.g
Z | IRJECTED LIME injected to 2-3m usual surfactant agitators, zones formed by nomical treat- $3.00/m" of
a shallow depths injection channels resulting | ment for ground
H] under high from cracks, root foundation soils surface
8 pressure holes, hydraulic under light area
54 fracture structures
§ DISPLACEMENT Highly viscous Soft, fine- Unlimited, but Small Soil, cement, Batching Grout bulbs within | Good for correc- Low mate-
GROUT grout acts as grained soils; a few m usual water equiipment, compressed soil tion of diffe- rial, high
radial hydrau- foundation soils high pressure | matrix rential settle- injection
lic jack when with large voids pumps, hoses mants, filling
pumped in under or cavities large voids:
high pressure careful control
required
ELBCTROKINETIC Stabilizing Saturated silts, | Unknown Small Chemical DC jpower Increased strength,| Existing soil and | Expensive
INJECTION chemicals moved silty clays stabilizer supply, reduced compres- structures not
into soil by anodes, sibility subjected to high
electro-osmosis cathodes pressures; no
good in soil with
high conductivity

(Continued)

(Sheet 2 of 5)
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Table 16-1. Stabilization of Soils for Foundations of Structures—Continued

MOST SUITABLE ,ﬁx_:’:_ EOOMOMICAL SPECIAL SPECIAL PROPERTIES OF SPECIAL FMELATIVE
METHOD PRINCIPLE SOIL COMDITIONS/ TREATYENT s1zE OF MATERIALS EQUIMENT TREATED ADVANTAGES CO8TS
TYPES pEPTH TREATED ARRA REQUIRED REQUIRED MATERIAL AMD LIMITATIONS (1976)
PRELOADING Load is applied Normally consoli- swe——— >1000 m? Zarth fill or Zarth soving Raduced water Basy, theory well | Low
sufficiently in dated soft clays, other material equipment; content and void developed, uni- (Moderate
advance of con- silts, organic for loading large water ratio, increased formity; requires it verti-
struction so that deposits, com- the site; sand | tanks or strength long time (sand cal drains
compression of pleted sanitary or gravel for vacuum drains or wicks are re-
soft soils is landfills drainage drainage can be used to quired)
completed prior blanket systems some- reduce consolida-
to development times used; tion time)
of the site settlement
markers,
piezometers
SURCHARGE Fill in excess Normally consoli- | = -=--- >1000 m? Earth fill or Rarth moving Reduced water Paster than pre- Moderate.
FILLS of that required dated soft clays, other material | equipment; content, void loading without sand
permanently is silts, organic for loading settlement ratio and com- surcharge. theory | drains
applied to deposits, coe- the site; sand | markers, pressibility; well developed; cost $3.30-
achieve a given pleted sanitary or gravel for piezometers increased strength | extra material $6.60/m
% amount of landfills drainage handling; can use
@ settlement in a blanket sand drains or
g shorter time; wicks
& excess fill
é then resoved
£
DYNAMIC High energy im- Partly saturated 20 m >15000~ None Tamper of Reduced wvater Paster than pre- <preload
CONSOLIDATION pacts compress and fine grained 30000 .2 10-40 tons, content, void loading, economi- fills with
dissolve gas in soils, quaternary high capacity | ratio and com- cal on large sand
pores to give clays with 1-4 crane pressibility; areas; uncertain drains
immediate settle- gas in micro incressed strength | mechanisa in
ment; increased bubbles clays, less uni-
pore pressure formity than
gives subsequent preloading
drainage
ELECTRO- DC current Normally consoli- 10-20 m Small Anodes DC power Reduced vater No fill loading High
OSMOS1S causes vater flow dated silts and (usually re- supply, content and com- required, can use
from anode towards silty clays bars or wiring, pressibility, in confined area,
cathode where it aluminum}, metering increased strength, | relatively fast;
is removed cathodes systess slectrochemical non-uniform pro-
(well points hardening perties between
or rebars) electrodes, no
good in highly
L conductive soils
(Continued)

(Sheet 3 of 5)
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Table 16-1. Stabilization of Soils for Foundations of S tructures—Continued

|
MOST SUITABLE .,IAXI:HIH“: DCONOMICAL SPECIAL SPECIAL PROPERTIES OF SPECIAL RELATIVE I
METHOD PRINCIPLE SOIL COMDITIONS/ TREATEN S1ZE OF IMATERIALS BQUIPMENT TREATED ADVANTAGES CO8TS
TYPES ” TIREATED ARBA INEQUIRED REQUINID MATERIAL AND LIMITATIONS (1976)
MIX-IN-PLACE Lime, cement, or All soft or loose >20 m Small Cement, lime, Drill rig, Bolidified soil Uses native soil, Moderate
PILES AND MALLS | asphalt introduced | inorganic soils asphalt, or rotary cut- piles or walls of reduced lateral to high
through rotating chemical ting and relatively high support recuire-
auger or special stabiliser nixing hoad, strength ments during
in-place mimer additive excavat.ion;
proportion- difficult cuality
ing equip~ control
nent
STRIPS AND Morimontal tensile | All Afevm Swall Metal or Itmcavating, Increased bearing Incresned allow- Low to
MDBRANES strips or mem- plastic strips, | carth hardling,| capecity, reduced ablie boaring Noderate
branes buried in polyethylone, nd compaction | deformations prossure;
s0il under foot- polypropylene oquipment recuiros over-
g ings or polyester extavat:ion for
=1 fabrics footings
2
VIBRO-JEPLICE- Hole jetted into Sof't clays and 20m >1500 =’ Gravel or ‘'vibroflot, Increasad boaring Paster than pre- Noderate
MENT STOWR soft, fine-grained | alluvial deposits crushed rock crane or capacity, ducod L2 ion to high
COLUMNS; soil and back- bockfill Vibrocat, settlemnts avoids dewater- ~$30/3;
filled with water ing reguired for >pile
densely compacted remove and panetra-
gravel replace; limited tion
bearing capacity
MEATING Drying at low rPine-grained 15 = Small Pruel Puel tanks, Reduced wator Can obtain ir- Righ
temperatures; soils, especially burners, control, plas- reversible .
altaration of partly saturated blowers ticity, water improvemsnts in
at. inter- clays and silts, sensitivity; properties; can
. temper- losss increassd strength | introduce stabi-
atures (400 lisers with hot
600°C) ; gases. Experi-
i fusion at high mental
teaperaturen
¥ (>1000°C)
FREBZING Precze oft, wet All ‘sails Several m Small Refrigerant Refrigeration | Increased strength | W good in Nigh
ground to in- systea and stiffness; flowing ground
crense its reduced perme- witer, tenporary
strongth and abilicy
stilfness
(Continued) (Sheet. & of 5)
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Table 16-1. Stabilization of Soils for Foundations of Structures—Continued

ed aggregate,
clam shell or
oyster shell,
incinerator
ash

soils

MOST SUITABLE z::é:':"! ECONOIMICAL SPECIAL SPECIAL PROPERTIES OF SPECIAL RELATIVE
METHOD PRINCIPLE SOIL CONDITIONS/ TREATMENT SIZE OF MATERIALS EQUIPMEIIT ‘TREATED ADVANTAGES COSTS
TYPES DEPTH TREATED AREA REQUIRED REQU I RED) MATERIAL AND LIMITATIONS {1976)
REMOVE AND Foundatiorn soil Inorganic soils 10 m? Small None, unless Excavating Increased strength | Uniform, con- High
REPLACE: excavated, im- admixture and compac- and stiffness, trolled founda-
(with or without proved by drying stabilizers tion equip- reduced compressi- tion soil when
admixtures) or admixture, and used ment, bility replaced; may
recompacted devatering require large
system area devatering
MOISTUIE Water to 1xp ive soils 5m Smalll Membranes, Excavating Initial natural or Best for small Low to
BARRIERS foundation soils gravel, lime, and trench- as-coipacted structures; may moderate
is prevented or asphalt ing equip-~ properties not be 1.00%
ment, retained effective
compaction
g equipment
a PREWETTING Soil is brought Ixpansive soils 2-1m Small Water None Decreased swell- Low cost, best Low
8 to estimated ing potential for small, light
-] final water structures, may
content prior to still get shrink-
construction ing and swelling
STRUCTURAL FILLS Structural fill Use over sofr |  —-==- Small Sand, gravel, Compaction Soft subgrade High strength, Moderate
(with or without distributes clays or organic flyash, equipment protected by good load dis- to high
admixtures) loads to under- s0ils, marsh bottom ash, structural load- tribution to ($12/m3)
lying soft soils deposits slag, expand- bearing fill underlying soft

(Sheet 5 of 5)
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Table 16-2. Applicability of Foundation Soil Improvement for Different Structures and Soil Types (for Efficient Use of Shallow Foundations)

Probability of Advantageous Use of Soil Isprovement

abutments

at all

Techniques
CATEGORY OP 1SSIBLE LOAD INTENSITY/
STRUCTURE STRUCTURE 'smum LEMENT USUAL BEARING PRESSURE
REQUIRED (tsf) LOOSE COHESION- | SOFT ALLUVIAL | oo yuiccaurc pILLS
LESS SOILsS DEPOSITS
OFFICE/ High rise: More Small ; \ Low
igt Hi Unlikely
APARTMENT than 6 stories <25-50 = High (3+1) gh
FRAME OR LOAD- | Medium rise: Small Moderate (2) High Low Good
BEARING 3-6 stories <25-50 mm
CONSTUCTION tow ri =il toh
rise: Good
1-3 storles <25-50 mm Low {1-2) High
Large span w/heavy . X
. Small (<25-50 mm) Variable/high local
INDUSTRIAL mach .
proc:::spl:;:::.‘ Differential settlement concentrations to >u High Onlikely Low
pover plants Critical
Framed warehouses High
and factories Moderate Low (1-2) uigh Good
Covered storage,
stor. rack systems, Low to moderate Low (<2) nigh Good High
production areas
Water and waste Moderate
uired
OTHERS water treatment Differential settlement Low/<150 (<1.5) luqh..:l.::q Righ High
Plants Important
Moderate to high,
Migh, if required
Storage tanks but differential, Nigh/up to 300 (3) 19 .nt all figh High
may be critical
Open storage areas nigh Righ/up to 300 (1) Righ, 1f required nigh nigh
Embankment od
ankments and Moderate to high High/up to 200 (2) High, 1f requir nigh High
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(Courtesy of J. K. Mitchell. “Innovations in Ground Stabilization.’
Chicago Soil Mechanics Lecture Series, Innovations in Foundation
Construction, lllinois Section, 1972. Reprinted by permission of The

American Society of Civil Engineers, New York.)

Figure 16-1. Applicable grain-size ranges for different stabilization methods.
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Figure 16-2. Range of particle-size distributions suitable for densification by vibrocompaction.
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conditions are necessary. Underlying soft clay layers
may dampen vibrations.

¢. Vibratory rollers. Where cohesionless deposits
are of limited thickness, e.g., less than 6 feet, or where
cohesionless fills are being placed, vibratory rollers are
likely to be the best and most economical means for
achieving high density and strength. Use with flood-
ing where a source of water is available. The effective
depth of densification may be 6 feet or more for the
heaviest vibratory rollers (fig 16-3a). For a fill placed
in successive lifts, a density-depth distribution similar
to that in figure 16-3b results. It is essential that the
lift thickness, soil type, and roller type be matched.
Properly matched systems can yield compacted layers
at a relative density of 85 to 90 percent or more.

16-3. Vibrodisplacement compaction. The
methods in this group are similar to those described in
the preceding section except that the vibrations are
supplemented by active displacement of the soil and,
in the case of vibroflotation and compaction piles, by
backfilling the zones from which the soil has been dis-
placed.

a. Compaction piles. Partly saturated or freely
draining soils can be effectively densified and
strengthened by this method, which involves driving
displacement piles at close spacings, usually 3 to 6 feet
on centers. One effective procedure is to cap tempo-
rarily the end of a pipe pile, e.g., by a detachable plate,
and drive it to the desired depth, which may be up to
60 feet. Either an impact hammer or a vibratory driver
can be used. Sand or other backfill material is intro-
duced in lifts with each lift compacted concurrently
with withdrawal of the pipe pile. In this way, not only
is the backfill compacted, but the compacted column
has also expanded laterally below the pipe tip forming
a caisson pile.

b. Heavy tamping (dynamic consolidation).

(1) Repeated impacts of a very heavy weight (up
to 80 kips) dropped from a height of 50 to 130 feet are
applied to points spaced 15 to 30 feet apart over the
area to be densified. In the case of cohesionless soils,
the impact energy causes liquefaction followed by set-
tlement as water drains. Radial fissures that form
around the impact points, in some soils, facilitate
drainage. The method has been used successfully to
treat soils both above and below the water table.

(2) The product of tamper mass and height of fall
should exceed the square of the thickness of layer to be
densified. A total tamping energy of 2 to 3 blows per
square yard is used. Increased efficiency is obtained if
the impact velocity exceeds the wave velocity in the
liquefying soil. One crane and tamper can treat from
350 to 750 square yards per day. Economical use of the
method in sands requires a minimum treatment area

16-10

of 7500 square yards. Relative densities of 70 to 90
percent are obtained. Bearing capacity increases of
200 to 400 percent are usual for sands and marls, with
a corresponding increase in deformation modulus. The
cost is reported as low as one-fourth to one-third that
of vibroflotation.

(3) Because of the high-amplitude, low-frequency
vibrations (2-12 Hz), minimum distances should be
maintained from adjacent facilities as follows:

Piles or bridge abutment 15-20 feet
Liquid storage tanks 30 feet
Reinforced concrete buildings 50 feet
Dwellings 100 feet
Computers (not isolated) 300 feet

c. Vibroflotation.

(1) A cylindrical penetrator about 15 inches in di-
ameter and 6 feet long, called a vibroflot, is attached
to an adapter section containing lead wires and hoses.
The whole assembly is handled by a crane. A rotating
eccentric weight inside the vibroflot develops a hori-
zontal centrifugal force of about 10 tons at 1800 revo-
lutions per minute. Total weight is about 2 tons.

(2) To sink the vibroflot to the desired treatment
depth, a water jet at the tip is opened and acts in
conjunction with the vibrations so that a hole can be
advanced at a rate of about 3.6 feet per minute; then
the bottom jet is closed, and the vibroflot is withdrawn
at a rate of about 0.1 foot per minute. Newer, heavier
vibroflots operating at 100 horsepower can be with-
drawn at twice this rate and have a greater effective
penetration depth. Concurrently, a cohesionless sand
or gravel backfill is dumped in from the ground sur-
face and densified. Backfill consumption is at a rate of
about 0.7 to 2 cubic yards per square yard of surface.
In partly saturated sands, water jets at the top of the
vibroflot can be opened to facilitate liquefaction and
densification of the surrounding ground. Liquefaction
occurs to a radial distance of 1 to 2 feet from the sur-
face of the vibroflot. Most vibroflotation applications
have been to depths less than 60 feet, although depths
of 90 feet have been attained successfully.

(3) A relationship between probable relative
density and vibroflot hold spacings is given in figure
16-4. Newer vibroflots result in greater relative densi-
ties. Figure 16-5 shows relationships between allow-
able bearing pressure to limit settlements to 1 inch
and vibroflot spacing. Allowable pressures for “essen-
tially cohesionless fills” are less than for clean sand de-
posits, because such fills invariably contain some fines
and are harder to densify.

(4) Continuous square or triangular patterns are
often used over a building site. Alternatively, it may
be desired to improve the soil only at the locations of
individual spread footings. Patterns and spacings re-
quired for an allowable pressure of 3 tons per square
foot and square footings are given in table 16-3.
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Figure 16-3. Sand densification using vibratory rollers.
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16-4. Grouting and injection. Grouting is a
high-cost soil stabilization method that can be used
where there 1s sufficient confmement to permnt re-

ing to prevent excessive settlement strengthem g ad-
jacent foundation soils to protect against damage dur-
ing excavation, pile driving, etc.; soil strengthening to
reduce lateral support requirementS' stabilization of
loose sands against liquefaction; foundation underpin-

i wadiintianm Af mmanhinag Fartsndadinm srihuadinnar amd
11. ls, ITUUCLLIVILI Ul 1i11avilliic 1v iUudulull viuiauiulld, ailu
filling solution voids in calcareous materials

most widely used particulate grouting material.,
Grouts composed of cement and clary are also widely
used, and lime-slurry injection is fmdmg increasing
application. Because of the silt-size particles in these
materials, they cannot be injected into the pores of

~n

1 —_

soils finer than medium to coarse sand. For successful
grouting of soils, use the following guide

_ Dt
(Dys)grout

~ O™
2 4O

Type 1 portland cement, Type III portland cement, and
processed bentonite cannot be used to penetrate soils

finer than 30, 40, and 60 mesh sieve sizes, respective-

1. mel. . __a4oa___ L __a_ ______ 1 R 1
1y. vilierent types oI grou may peé compbined to botn
rnarea. and fina.ovrainad anila
LUQLOT™ Allu 1L11iT BL aAaliiTuUu OUViIID

b- C, 4 1 1V 4
R_Q1Q_QK/ALM QQ_ 20 “n- 1qarnaginn ~f v\lnv\‘-\"nﬂ and
UTOL0UTUMNLIVL ODUTUL 1LUL UIdDLUdDD. 11 Ul Plﬂllll lls aliu
implementatinn of foundation grouting with cement

silicates, resins, lignins, and acrylamxdes. The viscos-
ity of the chemical-water solution is the major factor
controlling groutability. The particle-size ranges over
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U. S. Army Corps of Engineers

Figure 16-5. Allowable bearing pressure on cohesionless soil lavers stabilized by vibroflotation.

Table 16-3. Vibroflotation Patterns for Isolated Footings for an Allowable Bearing Pressure

Square Footing Vibroflotation Center to Center
Size, it Points Spacing, ft Pattern
4.0 1 --- ---
4.5-5.5 2 6.0 Line
6-7 3 7 Triangle
7.5-9.5 4 6.0 Square
10-12 5 7.5 Square + 1

@ Center

U. S. Army Corps of Engineers
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which each of these grout types is effective is shown in
figure 16-6.

16-5. Precompression.

a. Preloading. Earth fill or other material is placed
over the site to be stabilized in amounts sufficient to
produce a stress in the soft soil equal to that antici-
pavea Irom the final structures. As the time required

iA~biAnnm ~AFf tha an
the soft soil may be long (months

ectlvy asg the square of the laver

vajy QKT vaal Squaii vaas aRky

J
thickness and inverse y as the hydraulic conductivity,
preloading alone is hkely to be smtable only for stabi-
lizing thin layers and with a long period of time avail-
able prior to final development of the site.

b. Surcharge fills. If the thickness of the fill placed
for pre-loading is greater than that required to induce
stresses corresponding to structure-induced stresses,

o1 a1

the excess fill is termed a surcnarge I1il. mmougn the

Py SN | L= Py ancandialles tmedarmand ent
1L

rate of consolidation is essentiainy uxut:pcuuc
stress increage the amount of consnlidation varies an-

D AAAVA VADV) VAT RAAAVUILY Vi VULIOUVIAAR VAVAL VLAl QK

proximately in proportion to the stress increase. It fol-
lows, therefore, that the preloading fill plus surcharge
can cause a given amount of settlement in shorter time
than can the preloading fill alone. Thus, through the
use of surcharge hlls the time required for preioading

@

O

datlon Bot I

secondary compressxon settlements can be taken out in
advance by surcharge fills. Secondary compression set-
tlements may be the major part of the total settlement

L,,,,,l, Jl"l] 4

of mgmy orgamc aeposws or old samtary nariil sives.

{9 Dancsian tha Aasguan ~F NSO atinn and an
Ul‘lb Uil d l.u. up-

to deter-

deter

(&) Dbrlaudsc bllc ucpice O1 Con
hnﬂ gtress varv with denth. it ig ne essarv

iy Vvauii AT pua, v 18 nec

mine if excess pore pressures will remain at any depth
after surcharge removal. If 80, further primary consol-
idation settlement under permanent loadings would
occur. To avoid this occurrence, determine the dura-

tion of the surcharge loadmg requ1red for points most
) gy

P LY Y . .y

S~

berms to mamtam foundatxon stablhty and place f1ll in
stages to permit the soil to gain strength from consoli-
dation. Predictions of the rates of consolidation
strength and strength gain should be checked during
fill placement by means of piezometers, borings, labo-

w bnaba amnd in atbi qbvancoth baoda

o & v
WILIY LCSLS, AliU 11l SILU SUITIIELIL LODWD.

o]

c. Vertical drains.
AY

Y ML . cevcelonnd e VX s dlmn s Lase cmmnd o84
1) 10ne un.l eu prel Ullls Ule 1010 111USL 199
clay deposits more than about 5 to 10 feet thick will be

large. The consolidation time may be reduced by pro-

viding a shorter dramage path by installing vertical
sand drains. Sand drains are typically 10 to 15 inches

16-14

in diameter and are installed at spacings of 5 to 15
feet. A sand blanket or a collector drain system is
I, DR RS IR .J'--- dm Lonilid b ,l...\...u..-,\ Néls s

e Il
avai able are gnecial cardhoard or com-

QLT SPUlidi LasRuwviita Ul Vi

bination plastic-cardboard drains. Provisions should be
made to monitor pore pressures and settlements with
time to determine when the desired degree of precom-
pression has been obtained.

(2) Both displacement and nondisplacement

. ',, Al

methods have been used for mStaumg sand dra

b Awrerne sanlanamant Avaing arva laga

thﬁugu ariven, dmpxubcumub Grains are iess echﬁSiv
than augered or “bored” nondisplacement drains
hould not be used in sensitive deposits or in stratlfled
soils that have higher hydrauhc conductivity in the
horizontal than in the vertical direction. Vertical
drains are not needed in fibrous organic deposits be-
cause the hydrauhc conductxv1ty of these materials is

high, but they may be required in underlying soft

A QAupviTua va 22VRRS el LCiiatiay L2 aalls,

avy tamping). Densifi-

ad ng an

mndiae bae L---_. basmsitee han alan lan
cauon oy neavy Lainpiig has also been u:purwu as an
effective means for improving silts and clays, with

preconstruction settlements obtained about 2 to 3
times the predicted construction settlement. The time
required for treatment is less than for surcharge load-
ing with sand drams The method is essentlally the

> ow
('D l¢]
=]
€+
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®
=}
2
D
0
n

lowed by dramage of pore water. Dramage is facnh-
tated by the radial fissures that form around impact
points and by the use of horizontal and peripheral
drains. because of the necessity for a time 1apse be-

ethod This method is
presently considered experlmental in saturated clays.

e. Electroosmosis. Soil stabilization by electroos-
mosis may be effective and economical under the fol-
lowing conditions: (1) a saturated silt or silty clay soil,
2) a normaiiy consolidated soil, and (3) a low pore
wat,er electrolyte concentration. Gas generauon and

...... alantwadans
{-]

A A £ +ha P
drying and fissuring at the electrodes ¢
efficiencv of the method and limit the magnitude of

Ta2iVaTialy Vi vii® daaTuaaUie Qaala aaiil Ay wvaz

consolidation pressures that develop. Treatment re-
sults in nonuniform changes in properties between
electrodes because the induced consolidation depends
on the voltage, and the voltage varies between anode
‘and cathode. Thus, reversal of electrode polarity may
P B

L. 3. LV o oLt JUSY. Ry S P4
pe Qesirapié 10 acnieve a more uniiorm Stress conai-
tion. Electroosmosis may alsc be used to accelerate the
consolidation nnder a pr elnad or surcharge fill. The
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SAND

SILT CLAY

PORTLAND CEMENT
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SILICATES.
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(CONCENTRATION, %)
|
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(10) 1.5, (30) 15, [<36->360]

N
VISCOSITY, CPS (WATER=1)

# (COMPRESSIVE STRENGTH, KIP/FT2]

I+ |
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RESINS

(10) 1.4, (30) 3.5, (40) 9, (50) 30 [>360]

(10) 1.4, (30) 11, [<36]

Bl NAVE T W

(10) 1.3, (30) 1.7, (50) 2.5

o3, IV

[36-360]

10
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0.1 0.01 0.001

SOIL PARTICLE SIZE, MM

Figure 16-6. Soil particle sizes suitable for different grout types and several concentrations and viscosities shown.
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160-6. Reinforcement. The supporting capacity

Af anft snmnwaasihla oraiind mav ha inoraacad and cat-
U1 8011, COILIPITSSI0iC gIrUulil fliay Ul inuiitastu anu sCv

tlement reduced through use of compression reinforce-
ment in the direction parallel to the applied stress or
tensile reinforcement in planes normal to the direction
of applied stress. Commonly used compression rein-
forcement elements inciude mix-in-place piies and
walls. Strips and membranes are used for tensile rein-

¥, + ith tha lattar snmatimeg "enﬂ fn
iorcemernt, witnli tne 1atter Someuimes use

moisture barrier as well.

farm a
AVUL1L

a Mivin nlacos niloe and 1onlle Qavaral nranadiimas
. LVELATUI LT UUITO Wt WWiio. wJTvlial PlrultTuul oo

are available, most of them patented or proprietary,
which enable construction of soil-cement or soil-lime in
situ. A special hollow rod with rotating vanes is
augered into the ground to the desired depth. Simulta-
neously, the stabilizing admixture is introduced. The

result is a pile of up to 2 feet in diameter. Cement, in

of B to 10 + of ¢
amounts of 5 to 10 percenc o1 bhc dry soil 'v'v'c.lshu, 1S

best for use in sandy soils. Compressive strengths in
excess of 200 kips per square foot can be obtained in
these materials. Lime is effective in both expansive
plastic clays and in saturated soft clay. Compressive
strengths of about 20 to 40 kips per square foot are to
be expected in these materials. If overlapping piles are

formed, a mix-in-place wall results.

17

b. Vibroreplacement stone columns. A v10rofiot is

I‘ﬂﬁfl +n ma I-'CI o I\‘YII“I" na‘ ‘l’n"‘l\"l LI\‘ lInl‘] 1
usea 1o maxke a Cyiinaricai, verticai nodie unaer iis n

weight by jetting to the desired depth. Then, %- to 1

cubic yard coarse granular backfill, usually gravel or
crushed rock ¥ to 1 inch is dumped in, and the vibro-
flot is used to compact the gravel vertically and
radiall mto the surroundmg soft 5011 The process of

st durable waterproof membranes,
thylene, polypropolylene asphalt, and

W-CO
..... as p lyethyle
polyester fabric asphalt, have had apphcation as mois-
ture barriers. At the same time, these materials have

sufficient tensile strength that when used in envelope
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deformatlo
in the membrance, which in turn produces additional
confinement on the soil and thus increases its resist-
ance to further deformation.

{2) In the case of a granular soil where moisturs in-
filtration is not likely to be detrimental to strength,

horizontally bedded thin, flat metal or plastic strips
can act as tensile reinforcing elements. Reinforced
earth has been used mainly for earth retaining struc-
tures; however, the feasibility of using reinforced

earth slabs to improve the bearing capacity of granular
anil hag haan demonstrated,

UL 2D UL AV ALAVALD VA WA VL

(3) Model tests have shown that the ultimate bear-
ing capacity can be increased by a factor of 2 to 4 for
the same soil unreinforced. For these tests, the spacing
between reinforcing layers was 0.3 times the footing
width. Aggregate strip width was 42 percent of the
length of strip footing.

d. Thermal methods. Thermal methods of founda-
tion soil stabilization, freezing or heating, are complex
and thair rnete are hich

QR vaaTad VUG U KA aaapyias

(1) Artificial ground freezing. Frozen soil is far
stronger and less pervious than unfrozen ground.
Hence, artificial ground freezing has had application
for temporary underpinning and excavation stabiliza-
tion. More recent appiications have been made to back-
freezing soil around pile foundations in permafrost

and maintenance of frozen soil under heated buildings

[-34109p 8819443 WD el Paikllls

on permafrost. Design involves two classes of prob-
lems; namely, the structural properties of the frozen
ground to include the strength and the stress-strain-
time behavior, and thermal considerations to include
heat flow, transfer of water to ice, and design of the re-
frigeration system.

(2) Heating. Heati

\&) 2aTWweeivy AATQ UL 22T Ra a b2 (PO Rp 9910 0 Le7 4

ate temperatures, e.g., 100°C+, can cause drying and
accompanying strength increase if subsequent rewet-
ting is prevented. Heating to higher temperatures can
result in significant permanent property improve-
ments, including decreases in water sensitivity, swell-
ing, and COﬁ‘ip‘x‘éSSibuity; and increases in Sbi‘euguu
Burning of liquid or gas fuels in boreholes or injection
of hot air into 6- to 9-inch-diameter boreholes can pro-
duce 4- to 7-foot-diameter strengthened zones, after
continuous treatment for about 10 days. Dry or partly
saturated weak clayey soils and loess are well suited

for this type of treatment, which is presently regarded

16-7. Miscellaneous mathaode,

a. Remove and replace. Removal of poor soil and re-
placement with the same soil treated by compaction,
w1th or without admixtures, or by a hlgher quality ma-
terial offer an excellent opportunity for producing
high-strength, relatively incompressible, uniform

foundation conditions. The cost of removal and re-

an expensive dewaterin
be required Excludmg highly organic
soils, peats and sanitary landfills, virtually any inor-
ganic soil can be processed and treated so as to form an
acceptable structural fill material.

b. Lime treatment. This treatment of plastic fine-



grained soils can produce high-strength, durable ma-

terials. Lime treatment levels of 3 to 8 percent by
weight of dry soil are typical.

c. Portland cement. With treatment levels of 3 to

T Tvve VY AUsi va URAva v Av a 2 W

10 percent by dry weight, portland cement is particu-
larly well suited for low-plasticity soils and sand soils.

€
1

d. Stabilization using fills
(1) At sites underlain by soft, compressible soils

201 A1 EaiDIC U

and where filling is required or possmle to establish
the final ground elevation, load-bearing structural fills
can be used to distribute the stresses from light struc-
tures. Compacted sands and gravels are well suited for

aemd ernsetmsen 13wl desend obhd memmnondan crinak nsm Asremnadadd
aiiua v 10Us uguuwclgub uggu:ga‘ S, SUCIL as erb‘ aeu
shale, clam and oyster shell and incinerator ash, Ad-

;'ials to increase their strength and stlffness
(2) Clam and oyster shells as a structural fill mate-

TAA

2_S18 _Y/AEAA 88 2
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rial over soft marsh deposits represent a new develop-
ment. The large deposits of clam and oyster or reef
shells that are available im the Gulf States coastal
areas can be mined and transported short distances
economically. Clam shells are ¥ to 1-% inch in diame-
ter; whereas, oyster sneus wmcn are coarser and more

&,\J awn
aweq, ar

bD

lon
of

@®,
-+ =
CCI
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n ITIA
r present, some cementation develops owing to
the hlgh calcium carbonate (>90 percent) content. In
the loose state, the shell unit weight is about 63
pounds per square foot; after construction, it is about
95 pounds per square foot. Shell embankments “float”
over very soft grounu, wnereas convenuonai fi 11s

i :n
4{"‘(

rest of the layer.
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DESIGN FOR

i7-1. introduction.
a. Vibrations caused by steady state or transient

loads may ¢ cause settlement of‘ soiis excessive motions

tion system mcorporates th quipment loading, sub-
surface material properties, and geometrical propor-
tions in some analytical procedure.

b. Figure 17-1 shows some limiting values of vibra-
tion criteria for machines, structures, and personnel.
On this diagram, vibration characteristics are de-
scribed in terms of trequency and peak amplltudes ot

1

acceler auon velocu:y, or GlSpla ment.
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labelled in dlsplacement (inches), and peak accelera-
tion values are read along the other set of diagonal
lines and labelled in various amounts of g, the accelera-
tion of gravity. The shaded zones in the upper right-

LA qacemase 222 Pt 1 PO SIS Srsgy I PRSP Ry
nana corner indaicave possiole Sstructural aamage u

nla"e hvy ctoadv.ctate vihratinne RKar ctriintnral cafaty
L4l 240 I.IJ vauu.’ DUaLl YIVIAUVIVILD. 4 VLI JuiuvivuiLas WLVUJ
during blasting, limit peak velocity to 2.0 inches per

second and peak acceleration to 0.10g for frequencies
exceeding 3 cycles per second. These limits may occa-
sionally have to be lowered to avoid being excessively
annoying to people.

c. For equipment vibrations, limiting criteria con-
sist of a maximum velocity of 1.0 inch per second up to
a frequency of about 30 cycles per second and a peak

annalavatinn AF N TRy ahawrn thia fuaniiannsy HAwrarran
acceieration o1 U.10g apove tnis irequency. riowever,
this unpper limit is for fpfv onlv. and snecific criteria

..... 3933 -2

must be estabhshed for each installation. Usually,
operating limits of equipment are based on velocity
criteria; greater than 0.5 inch per second indicates ex-
tremely rough operation and machinery should be shut

2y Gail2 SPOLL

inch per second are just “barely notlceable to persons.
It is significant that persons and machines respond to

LI | U PR DY S, R 7\ ISR T Ty
equivaient ieveis O1 viDraton. rurinermore, persons
maw nating vihwatinng that ara ahant 1/1 of the value
i1lay 1IUULILT VIULAUULID VIIAV AiIT QUVUL 47 AUV Vi Uiy vaiue

elated to safety of structures.

) Single degree of freedom,
damped, torced systems.

a. Vibrations of foundation-soil systems can ade-
quately be represented by simple mass-spring—dashpot
syst,ems The model for this simple system consists of a

t (dashpot) having a damping constant, c. The
system is excited by an external force e.g.,Q = Q,sin
(wt), in which Q, is the amplitude of the exciting force,
w = 2nf, is the angular frequency (radians per second)
with f, the exciting frequency (cycles per second), and
t is time in seconds.

b. If the model i I8 onented as shown In the msert in
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tlon A,, depends upon the magmtude of the extemal
excitation, Q, the nature of Q,, the frequency, f,, and
the system parameters m, c, and k. These parameters
are customarily combined to describe the “natural fre-
quency” as follows:

1 \/k
fp= — —_ 17-1)
2n VY m
and the “damping ratio” as
D= —° (17-2)
2Vkm

¢. Figure 17-2(a) shows the dynamic response of the
system when the amplitude of the exciting force, Q,, is
constant T‘he abscissa of the diagram is the dimen-

................. £ 3 anviadias {1771\ 'm.,‘ -
lldbuldl ucqut:uby, in, Ll CHYUALIVII\1{—1). 11 LUl
X

is the dynamic magnification factor, M,, wh
ratio of A; to the static displacement, A, = (Q./k).

ferent response curves correspond to different values
of D.

d. Figure 17-2(b) is the dynamic response of the
system when the exciting force is generated by a rotat-
ing mass, which develops:

Qo = m. (€) 4"2f§ (17-3)

17-1



ond

e. The ordinate M; (fig 17-2(b)) relates the dynamic
displacement, A,, to m, &m. The peak value of the re-
sponse curve is a function of the damping ratio and is
given by the following expression:

lastic materials with
R

restmz on the surface of a semi-infinite, homozeneous
isotropic elastic body have been found useful for study
of the response of real footings on soils. The theoreti-
cal treatment involves a circular foundation of radius,

1 r., on the surface of the ideal half-space. This founda-

MimaworM; = —mMmM—— (17-4) PSRN T SR L L 1 QY ho Yokt o

2D\/1——I)—2 110N nas SIX aegrees (?1 1recQoOlIll. (1-9) Lransiaulon in

F 11 val £D. thi ion be 1/2D the vertical (z) or in either of two horizontal (x and y)

or smail values o s 1S expression comes . dl!‘eCtiQDS (4) t mional lvawimz tﬂti(ﬂl abmlt t_hP
=s N\ o

t ) I h
vertical (z) axis; or (5-6) rocking (pitching) rotation
) about either of the two horizontal (x and y) axes. These
f, ) vibratory motions are illustrated in figure 17-3.

These peak values occur at frequency ratios of

or (17-5) (1) A significant parameter in evaluating the dy-
£, 1 namic response in each type of motion is the inertia re-
= {fig. 17-2b) action of the foundation. For translation, this is simp-
f. v1-2D? ly the mass, m = (W/g); whereas in the rotational
-'b\e' 0,
10.0 g L4
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Figure 17-1. Response spectra for vibration limits.
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Figure 17-2. Response curves for the single-degree-of-freedom system with viscous damping.

Al

Vortiess \h
o S s

Roching

e oW
o

Figure 17-3. Six modes of
vibration for a foundation.

U. S. Army Corps of Engineers

Figure 17-3. Six modes of vibration for a foundation.
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modes of vibration, it is represented by the mass
moment of inertia about the axis of rotation. For tor-
sional oscillation about the vertical axis, it is desig-
nated as Iy; whereas for rocking oscillation, it is I, (for
rotation about the axis through a diameter of the base
of the foundation). If the foundation is considered to
be a right circular cylinder of radius r,, height h, and
unit weight y, expressions for the mass and mass
moments of inertia are as follow:

2

m= Y (17-6)
g
4

L= by 17-7)
2g

_ nrZhy ( r2 h? )

I, . 2 + 3 (17-8)
(2) Theoretical solutions describe the motion mag-
nification factors M, or M;, for example, in terms of a
“mass ratio” B, and a dimensionless frequency factor
a,. Table 17-1 lists the mass ratios, damping ratios,
and spring constants corresponding to vibrations of

the rigid circular footing resting on the surface of an
elastic semi-infinite body for each of the modes of vi-
bration. Introduce these quantities into equations
given in paragraph 17-2 to compute resonant frequen-
cies and amplitudes of dynamic motions. The dimen-
sionless frequency, a,, for all modes of vibration is
given as follows:

2nf,r, P
0= ———— = wl, — 17-9
a v, w G ( )
The shear velocity, V,, in the soil is discussed in para-

graph 17-5.

(3) Figure 17-4 shows the variation of the damp-
ing ratio, D, with the mass ratio, B, for the four modes
of vibration. Note that D is significantly lower for the
rocking mode than for the vertical or horizontal trans-
lational modes. Using the expression M = 1/(2D) for
the amplitude magnification factor and the appro-
priate D, from figure 17-4, it is obvious that M,, can
become large. For example, if B, = 3, then D, = 0.02
and M, = 1/(2 x 0.02) = 25.

Table 17-1. Mass Ratio, Damping Ratio, and Spring Constant for Rigid Circular Footing on the Semi-Infinite Elastic Body

Mode of Mass (or ¥nertia) Damping Ratio Spring Con-
. . Ratio, B. . stant k.
Vibration i i 1
4Gr
Vertical B = £l—:—!l o = 0.425 k = °
z 4 3 z 1 -v
pr B
o \} z
Sliding BX - (7 - 8V)m3 - 0.288 kx - 3;(3 éVV) G .
32(1 - V)pro ’Bx
1 8 Gr>
Rocking B¢ - 30 é v) ——% = 9.15 k¢ = §?j‘j‘%7
r 1+ B B
pr (1+ 8y [5,
IB 0.50 16 3
Torsional Be = 5 = T+ 98 k6 = 3 Gr
pr ¢]

U. S. Army Corps of Engineers
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Figure 17-4. E’quwalent dampmg ratio for oscillation of rigid

uruuur/uuuug an u’uow, rwq -§pace.

b. Effects of shape of foundation. The theoretical
solutxone described above treated a rigid foundation

ndand civefans hanmng againg
uuwu, dUllalt UTalillg apaliidu uic
[e)

wever, foundation

AVUWTVTL 1dations

plan Rectanzular footings may be con-
verted mto an equivalent circular footing having a
radius r, determined by the following expressions:

For translation in z- or x-directions:

ro= \/-4d_ (17-10)
V n
For rocking:
4
oo \/ 16cd (17-11)
v 3n
For torsion:
r, = \ /__16cd(c® + ) (17-12)
v 6n

In equations (17-10), (17-11), and (17-12), 2c is the
width of the rectangular foundation (along the axis of
rotatlon for rockmg), and 2d 1s the length of the foun-

c. Computations. Figure 17-5 presents examples of
computations for vertical motions (Example 1) and
rocking motions (Example 2).

d. Effect of embedment. Embedment of foundations
a distance d below the soil surface may modify the dy-
namlc response, depending upon the soil- foundatlon

t and the mag.-..huln of 4. If the soi
1

o
g
[ =
<
o)
"
g
=+
@
<
[t
o+
[+3]
P h
- r

tha hacir avahiati
Ui Uasit Tvaiuav!

a rigid circular footing (of radius ro) at the surface, the
effects of embedment will cause an increase in
resonant frequency and a decrease in amplitude of mo-
tion. These changes are a function of the type of mo-
tion and the embedment ratio d/r,.

(1) For vertical vibrations, both analytical and ex-

wirmmantal wacnlta indinatas an inaranca in tha gtatio
L. IUU.WI 1ITOULL luiILalce aill iuvicaspco il llllc Suaviv

1ioungaioen

zz

stant with an increase in embedment depth.
Embedment of the circular footing a distance d/r,
< 1.0 produces an increase in the embedded spring
constant k.s which is greater than k., (table 17-1) by
k.a/k. ® (1 + 0.6 d/r,). An increase in damping also oc-
curs, i.e., Du/D, = (1 + 0.6 d/r,). These two approxi-

manda ..AI,. d3mma Jand ¢4 o 42amn b ITP,Y Spreey

Af dlan mnd.
mave re1aions 18aa 1o an esuiimace o1 l:ll!: reaucuion lll

snring cons
spring con

amplitude of motion because of embedment from
A.lA, = 1/D.u/D, x k./k,). This amount of amplitude
reduction requires complete soil adhesion at the verti-
cal face, and test data have often indicated less effect
of embedment. Test data indicate that the resonant
frequency may be increased by a factor up to (1 + 0.25

Jl.. _______ _L‘__L _l_____L

o
2
]
3 (3
£
3
[
&
o+
Q
-]
o
<a
2
)
=8
5
>

epends on the ratio B, /B.
(table 17 1) For 3.0, the increase in natural
frequency due to embedment may be as much as (1 +
0.5 d/r,). The decrease in amplitude is stongly de-
pendent upon the soil contact along the vertical face of

Eﬂe IOUHQHEIOD, anu eacn case SHOUI(] De evaluawu on
the basis of local soil and construction conditions.

[l
s
‘3
=]
n
1&

tion. When soil layers are relatively thin, with respect
to foundation dimensions, modifications to the theo-
retical haif- space anaiyses must be included.

1) ueﬁefauy, the effect of a rlglu ua‘yer ‘Linueny-
ing a single elastic layer of thickness, H, is to reduce
the effective damping for a foundation vibrating at the
upper surface of the elastic layer. This condition re-
sults from the reflection of wave energy from the rigid
base back to the foundation and to the elastic medium
surrounding the foundatlon For vertlcal or torswnal

sibrations or a rigid circi

> 4H (17-13)
In equation (17-13), V, is the shear wave velocity in
the elastic layer and f, is the frequency of footing vi-
brations. When the conditions of equation (17-4) oc-

cur, the natural frequency (equation (17-1)) becomes
the important design criterion because at that frequen-

17-8



TM 5-818-1/AFM 88-3, Chap. 7
EXAMPLE 1 EXAMPLE 2
A. POUNDATION POR SINGLE - CYLINDER 3. MNACHINE POUNDATION SUBJECTED 70

VERTICAL COMPRESSOR ROCKING VIBRATIONS

14" BORE , 9" BTROKE J—— L 18 |
450 RPM OPERATING SPEED S A,
UWBALANCED PORCES: ] -1 cos== Qo= 400 LS.
UERTTOAY. PRYMARY = 7720 LA —— el
pEioL s sl (1] [ 71 wasoooo 1a.
monrz sscomary - o Sl 2| |=====] o|4| &/ |z -2.08x 10}
HLY ™
WT. MACHINE AND o
NOTOR = 10900 LB. | I P = x
el —

DESIGH CRITERION 1 0.20 IN / SIC BORISONTAL
MOTION AT MACHTNR CENTERLYNER

DESIGN CRITERION : BSMOOTE OPERATION
( LESS TRAN 0.10 IN / SEC VELOCITY )
AT 450 RPM THIS REQUIRES A_. = 0.002 IN.

AT 1300 RPM THIS LINITS Ay TO 0.0015 IN
PROM COMBINED ROCKING AND SLIDING.
(AT SLOWER SPEEDS THE ALLOMABLE Ax

IS LARGER )
SOIL PROPERTIES: v- = 680 PT / BEC SOIL PROPERTIES: v = 770 FT / S8C
G = 11,000 LB / IW* ¢:.uooox.n/uz
s =110 Lp /7 P} # =101/
» =0.33 » = 0.33
corurIom . BORI ZONTAL TRANSLATION OMLY:
POR FIRST ESTIMATE OF POUNDATION SIZE, EQUIVALENT r, -J‘?“ - -\I‘—‘%—“ - 13.96 rT
DETERMINE STATIC SIZE POR A__w= 01002 IN.
8
Q (1-3,)0, 0.667 (Mxovies) B =32Ticy ;—- «0.37, .. Mwm1.0
Aii - —u=m 0.002" = - P ol y )
4 Grx - o Q 7 - 8w
kg ° ’ Ae o % U-8) 00005 1n

T ok 32 1-») G x,
Ty = 72.8" = 6.07 PT FOR CIRCULAR POUNDATION BORIZONTAL TRANSLATION IS NEGLIGINLE

THEN REQUIRED AREA =7r2 = 115.6 P12

v tEi_mi_ms e rarmen o ane e Yhecald Y aim3
i i15'%8'%3°' THICK FOURDATIOR BLOTR EQUIVALERT r -V -  emm——
THES A = 120 FT? , and r_ = 6.18 FT. ar I

WT. POUNDATION BLOCK = 54,000 LB.

® 12.04 FT

6
p. o 31-¥) I _ 3(0.67)2.88x10 - 0.a1

WT. TOTAL = W = 64,900 LB. v &8 pr3 8 g;o(u.oc)s
THEN D, 0.13 0.09 , AWD
PROM TABLE 17-1:  Prorarasy owilhh by FROM
(1-¥) W 0.67 x 64900 By) V By
B &« ——g—y e T——x7T:3a0 = 0.42 _ .
t 3 LR T 1 ® X LIV \D.LD) EQ.17-4, ll' - 5.6
- 0.425 P
: "~ _ﬁ— = V.%o THE STATIC MOMENT ABOUT © IS
z
T, = 400 x 18 = 7200 FT.LB. , AND THE
STATIC ANGULAR DEFLECTION I8
M, S 1.0, THUS A= A, T 7200 x 3(0.67) 0.51
(1-3) G ¥r "X, " Stiecooestiz oed T 1 P
Azs " —¢ ¢ - = 0.00197° , FOR r, = 6.18 PT. °
° THIS ROTATION WOULD PRODUCE A RORIZONTAL
THEREPORE, THE 15'x 8'x 3°' THICK CONCRETE MOTION AT THE MACHINE CENTERLINE OF
BLOCK POUNDATIOR IS SATISPACTORY A moh «2:31 (18 x 12) « 1.10 x 107%1N.
=s " ¥% 100

OR., THE DYRAMIC AMPLITUDE AT RESOMANCE IS

A. =M_A__ = 6.17 x 104 1r. < 0.0015 1IN,
e Axg

U. S. Army Corps of Engineers

Figure 17-5. Examples of computations for vertical and rocking motions.
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cy excess:ve dynamlc motlon w111 occur. To restrict the

Anaratin
il

dlopmbculcut, thc vprirau
tained at one half, or less,
17-2).

(2) The relative thickness (expressed by H/r,) also
exerts an important influence on foundation response.
If H/r, is greater than about 8, the foundation on the
eiastic layer wiil have a dynamic response comparable
to that for a foundation on the elastic half-space. For
H/r, < 8, geometrical damping is reduced. and the ef-

aaiag ~ PYvaaaT A& “‘"‘“‘l“'"‘ i Iguield, 2118 LA

fective spring constant is increased. The values of
spring constant, k, in table 17-1 are taken as reference
values, and table 17-2 indicates the increase in spring
constant associated with a decrease in thickness of the
eiastic iayer Values of the increase in spring constants

Alrian e v ndag ~F n.kunb.n“ “n]l +nn,l

andl £nne s
IUI but.uug ana i1or LTUCAILLLE IIUUTd U uiv.

C
Q
=

comparable H/r, conditions.

f. Coupled modes of vibration. In general, vertical
and torsional vibrations can occur independently with-
out causing rocking or sliding motions of the founda-
tion. To accomplish these uncoupied vibrations, the
line of action of the vertical force must pass through
the cantar of oravity of the mass and the resultant soil

VIIT LTLILOL Ui aQ Vi) Ui il 2G00 Qiik vial 200WaRiLy STe

to fall between those given for v

reaction, and the exciting torque and soil reaction
torque must be symmetrical about the vertical axis of
rotation. Also, the center of gravity of the foundation
must lie on the vertical axis of torsion.

(1) When horizontal or overturning moments act
on a block foundation, both horizontal (sliding) and
rocking vibrations occur. The coupling between these
motions depends on the height of the center of gravity
of the machine-foundation about the resultant soil re-
action. Details of a coupled rocking and sliding analy-
sis are given in the example in figure 17-6.

2) A “lower bound” -estimate of the first mode of

silaan b ha ~h4 ad
luxauuub cali € Uumxucu

TM 5-818-1/AFM 88-3, Chap. 7

introducing values from table 17-1 into equations
17_1) and (17_K) (Ngta that aguation (17 14) he.

\Li—1j Al (1§ 7Jj. WUTULC uialr vyuauvs azy WO
comes less useful when D, is greater than about 0.15).
The first mode resonant frequency is u sually most im-
portant from a design standpoint.

g. Examples. Figure 17-5, Example 1, illustrates a
procedure for design of a foundation to support ma-
chine-producing vertical excitations. Figure 17-5,
Example 2, describes the analysis of uncoupied hori-
zontal and rocking motion for a particular foundation

subjected to horizontal excitations. The design proce-
dure of Example 1 is essentially an iterative analysis

M Ui T Vi adsaiiaa (> a e

after approximate dxmensxons of the foundation have
been establlshed to restrict the static deflection to a
value comparable to the design criterion.

(1) In figure 17-5, Example 1 shows that relative-
iy hi gh vaiues of damping ramo D are developed for the

DEVITR
S

- Al bl Fovinda
vertical motion of the founda uuu, and Enaxuy}c & U

trates that the high damping restricts dynamic mo-
tions to values slightly larger than static displacement
caused by the same force. For Example £, establishing
the static displacement at about the design limit value
leads to satisfactory geometry of the foundation.

(2) Example 2 (fig 17-5) gives the foundation ge-

PRSI USSR | EEPRPIYS I R ~Adad ba aacnn
ometry, as well as tne anaiysis neeaea o ascertain
whether the design criterion is met. It is assumed that

the 400-pound horizontal force is constant at all fre-
quencies and that a simple superposition of the single-
degree-of-freedom solutions for horizontal translation
and rocking will be satisfactory. Because the hori-
zontal dispiacement is negligibie, the rocking motion
dominates, with the angular rotation at resonance
=56 x 051 x 10°% =

Vi say =

amounting to (M, x y.)or A

2.85 x 107 radlans. By converting this motion to
horizontal displacement at the machine center line, it
is found that the design conditions are met.

(3) In figure 17-6, the foundation of Example 2
(fig 17-5) is analyzed as a coupled sysiem including

FEE Ving. both rocking and sliding. The response curve for angu-
1 1 1 17-14 lar rotation shows a peak motion of A, = 2.67 x 10°°
£z f2 f2 (17-14) radians, which is comparable to the value found by

In equation {17-14), the resonant frequencies in the considering rocking alone. The coupled dynamic re-

sliding x and rocking w motions can be determmed by sponse of any rigid foundation, e.g., a radar tower, can

Table 17-2. Values of ki/L for Elastic Layer (k from Table 17-1)
H/r 0.5 1.0 2.0 4.0 8.0 ®
o
Vertical 5.0 2.2 1.47 1.23 1.10 1.0
Torsion -- 1.07 1.02 1.609 -- 1.0
U. S

17-7
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-}

&

‘m « TOTAL MASS.AND I = MASS MOMENT OF INERTIA

* FOR ROTATING MASS MACHINE

IN THE SKETCH REPRESENTING THE DYNAMIC MOTION OF K
THE FOUNDATION OF FIGURE 17-5, EXAMPLE 2, THE
SUBSCRIPT "g" REFERS TO THE CENTER OF GRAVITY, |

A I\.- EEPERS T TUR OEMTER OF TUR DACE ad
NDERBE AV AR UBNIRN Vs AND Nwbe o

2 mvm‘ufln;w.

xb-xg-hoy Ib'xq‘.ho

)

o a 11 1-“ TAIATYMI 17_2
S a7

P 18,4 Ny 2 V/’G FROM EQUATION 2 L i
c, = D X m o= —’—La—x 1
x v ( ° IA!D VALUES OB B ! !j I [}
1’ o |/ -

Di’ and k from

L3 NS
._’. -
—

0.80 r
D, )
= Dy 2yk, i T N B, i l'rnu 17-1 }
. -l

Pu » - C_ Xy ~ K, X, . Ry = - c.¥ - kuV
= = Xk = Xy ¥ 7 ? (1

THE EQUATION OF EQUILIBRIUM PFOR HORIZONTAL TRANSLATION IS

.ig*cxib*ixxb-ox'-;b"ho'; QCxib"ixxb @

AND FOR ROTATION ABOUT THE CENTER OF GRAVITY IT IS
Igy + Cyp + kyW - Cx hg Xp, =~ K¢ hg X, =Ty, , OR
. 2 . .
I - mhoy+ CuW+ Ky - c Xp hy = Ry Xp hy = Ty @

LET x, = Ay sinwt + A, coswt = A, sin (wt &) a
X/
¥ = A, sinwt + Ay coswt = Ay sin (wt -&y)

o “Axz
Q, = Q, sinwt r NOTE: A= A'z‘ + l:', ;3 tanly = —xp—
- - =T — -x

]
[ L
T. = Q. h sinwt ! A= 1/ ..,. + A_.it-. 1 tan&w = -Aa_'_,__/A.u

A4 hd v vV vi

INTRODUCING THE EXPRESSIONS ('3 INTO !XJUA'X‘IQ!S (3 AND (b) GIVE POUR BOUATIONS

urmroununnms(hﬂ.hxz,ux , POR EXCH CHOSEN VALUE OF @
fix = VTI7_PDDAITEAMAY e a N\un---n v--—vnu o aresessenm ‘-.E cm e Aee

(& = 2M=FPREQUENCY ). THUS A COMPUTER SCLUTICON IS WEEDED.
SHOWS THE ROCKING RESPONSE CURVE FOR THE FOUNDATION (SEE SKETCH ABOVE AND
PIGURE 17-5). THE PARAMETERS NEEDED FOR THE SOLUTION ARE NOTED BELOW.

= 2.88 x 10° FT LB SEC?

= 13.96 FT ( SLIDING )

= 12.04 FT ( ROCKING )
1 20 » 108 TR 7 wr

arws ~ av e § moa

= 1.41 x 10°FT LB / RAD

IS o

= 1.45 x 106 LB sec / FT

cy = 3.62 x 107 FT LB SEC/RAD

TYPE EXCITATION, WE WOULD
INTRODUCE
- *
Q, = m, & W
m, = eccentric mass

& m ecrantric radiua
@ = eccentric rad ius

ragQuEncY ( CYCLES /SEC )

U. S. Army Corps of Engineers

Figure 17-6. Coupled rocking and sliding motion of foundation.




be evaluated by the procedure illustrated in figure

R [N Ppiy P — PP
17-4. Wave transmission, attenuation,
and isolation. Vibrations are transmitted through
%ils by stress waves. For most engineering analyses

n ideal homogeneous, iso-
troplc elastic material to determme the characteristics
of the stress waves.

a. Half-space. Two types of body waves may be
transmitted in an ideal half-space, compression (P-)
waves and shear (S-) waves; at the surface of the half-
space, a third wave known R

W
=]
(=5
B

[

-+

bt

o -
et
(¢4

<
ometrv. radiation damping,
~ Vi gy SRR e -

g da ;
tion. Fi 17-7 shows the haracteristic
waves as they are generated by a circular footing
undergoing vertical vibration on the surface of an
ideal half- -space with W= 0.25. The distance from the

«rr 7 h]

Iootlng to each wave in ngure 17-7 isdrawn in propor-

‘!S

tion to the velocity of each wave. The wave velocities
can be computed from the following
P-wave velocity:
A7 A+ 2G
Ve = V —_— (17-15)
' P
S-wave velocity:
\/ G
Ve = V - (17-16)
¥ p
R-wave velocity:
vk = Kv, 17-17)
where
. 2uG . - , E
A= o) and G are Lame’s 51+
- 4u PR T _
- o COonsrants, G - e + K
- ) — mmmm Aomalie AL 2]
pP= E = Inass aensiiy o1 S0l
y = moist or saturated unit weight
K = constant, depending on Poisson’s ratio
087< K<L 0.98for0< u< 0.5
(1) The P- and S-waves propagate radially out-
ard from fhe source along hemispherical wave

e propagates outward along

cylmdrlcal wave front. A11 waves encounter an increas-
ingly larger volume of material as they travel outward,
thus decreasing in energy density with distance This

particle motions are as follows: for the P-
wave a push pull motion in the radial direction; for
the S-wave, a transverse motion normal to the radial
direction; and for the R- -wave, a complex motion,
occurs in a vertical

plane contain

ticla mati
Ll

1AN
UiILIT 111U uivlL

.Chan.7
Ll

zones along the wave fronts in figure 17-7 represent
the relative particle amplitude as a function of inclina-
tion from vertical.

b. Layered media.

(1) In a layered medium, the energy transmitted
by a body wave splits into four waves at the interface

1 4 men Yoo TV o

P PR « 2 L. 1
petween i ers. 1wWo0 waves are r Iie(.teu DACK 11100 Li1e
first medium, and two waves are transmitted or re-
fracted into the second medium. The amnblitudes and

directions of all waves can be evaluated if the proper-
ties of both media and the incident angle are known. If
a layer containing a lower modulus overlies a layer
with a higher modulus within the half-space, another
surtace wave, known as a Love wave, will occur. uns

zontally orientea O-wave wnose v Ly
is between the S-wave velocity of the layer and of the
underlying medium.

(2) The decay or attenuation of stress waves oc-
curs for two reasons: geometric or radiation damping,
and material or hysteretic damping. An equation in-
cluding both types of damping is the following:

C
A=A 2 exp{-alr, - r)] (17-18)
rZ
where
A, = desired amplitude at distance r,
A, = known or measured amplitude at radial
distance r, from vibration source
C = constant, which describes geometrical
damping

1 for body (P- or S-) waves

= 0.5 for surface or R-waves
a = coefficient of attenuation, which describes
material dampmg (value n table
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v1bratlon source. The required dlstance, r,, is calcu-
lated from equation (17-18). In other situations, isola-
tion may be accomplished by wave barriers. The most
effective barriers are open or void zones like trenches

e maroe Af aclindaiao]l kol =
O TOWS 01 Cyiinaricai noies. Oomew ive
barriers are solid or fluid-filled trenches or holes. An

effective barrier must be proportioned so that its
depth is at least two-thirds the wavelength of the in-
coming wave. The thickness of the barrier in the direc-
tion of wave travel can be as thin as practical for con-
struction considerations. The lengtn of the barrier per-

cmmn i ass 44 4L 30 at L o ol i1l Aqeand
penaicuiar to tneé Qair ection OI wave travel will aepena
upon the size of the zone to be isolated but should be no

z



Circular Footing

r =2 Geometrical '—2 r—O 5

< Domping Law o

L

Chom
2reur

Window

PN

" Relative

Amncnlit, . da
AMpiTuGe

(Courtesy of F. E. Richart, Jr., J. R. Hall, Jr., and R. D. Woods, Vibrations of
Soils and Foundations, 1970, p 91. Reprinted by permission of Prentice-Hall,

Inc., Englewood Cliffs, N. J.)

Figure 17-7. Distribution of displacement waves from a circular footing on the elastic half-space.

he

2130

shear modulus can be determined in the laboratory or
estimated by empirical equations. The value of G can
also be computed by the field-measured S-wave veloci-
ty and equation (17-16).

a. Modulus at low strain levels. The shear modulus
and damping for machine vibration problems corre-
spond to iow shear-strain amplitudes of the order of 1

cu’n] fr\nnr‘qfir\n aveferr} |e f}\n ehenr mnr‘ulne (‘ ’l‘

valncituy thranch enil ar fram ananial awnlin 1a vor b venr
YLAULIALy UL UURLL DULL Ul 11VIL SpPTULIAL Lyullu lavuvialvuly
tests
b Yold 1nano voloritsy tocte Q. urnva walanits: docés
Ve L000K4 WWUWUT UTWULEL) $TOLO. JTWAVED VTOIULIYY oW
are pre er_bly made in the field Measu e---ents are oh-

location and measurmg dlrectly the time required for
the induced S-wave to travel between the excitation
and pickup unit. Common tests, such as uphole, down-

. . 4 o PR U _ Py 1 o U T _ ~ i - -
to 3 x 107* percent. These properties may be deter- hole, or crosshole propagation, are described in geo-
mined fr m ﬁn]r] measurements nf tho cociamis wavae tarhninal o n'nn in nl-&avoh"-n
AMAAAANNA A4 \JAA A A AL CALAVUAAWT WA VAAL WU AJARAAL YT RA YU W\/Allll\fﬂlc ‘6 lVVlllls AV iIAvuiLIT.

Trahla 17_2 Attonuntinn Oanffirionte far Karth Matorinle
Table 17-3. Attenuation Coefficients for Egrth Materials
| V SN ER R a £ 1 CaN N N '"wa
riraterigis a (i/IC) @ OU ns
Sand Loose, fine 0.06
an .
Dense, fine 0.02
Silty (loess) 0.06
Clay
Dense, dry 0.003
Waatharad wvalercanie~ n N2
ROCk LA RS2 P LWy SR e Y ) VVALALVGILAL - Ve Ve
Competent marble 0.00004
a ~n T a Funrtainan AfF Frannancy Thnv nthor frannana
A 4O << A WiAv v AV \V S LLD‘.’U(—IL\.’ . 4 v veilcC L LLC\‘“C—A‘-
cies, f , compute o_ = (f/50) X o__
5 D L1/ J 50

U. S. Army Corps of Engineers



A problem i

Iy § 43

(1) in using seismic methods to obtain
elastic properties is that any induced elastic pulse
(blast, impact, etc.) develops three wave types pre-
viously discussed, i.e., P-, S-, and R-waves. Because the
velocity of all seismic waves is hundreds of feet per

an d the plckup umt debects aii three wave

is usuallv easier to 1dent1fv (bemgr slower lt arrives
last; traveling near the surface, it contains more rela-
tive energy). Because R- and S-wave velocities are rela-
tively close, the velocity of the R-wave is frequently
used in computations for elastic properties.

Aarnaiico arrmnlitisdac 1n aoioeTmiis SIINUSY AYS AV

, .
small, the computed shear and Young’s moduli are con-
mdprah]v larger than those obtained from conven-

tional laboratory compression tests.

TM 5-818-1/AFM 88-3, Chap. 7
G = pV? (17-19)
where

p= y/32.2 = mass density of soil using wet or

total unit weight
V. = S-wave velocity (or R-wave), feet per

second

This equation is independent of Poisson’s ratio. The V,
value is taken as representative to a depth of approxi-
mately one-half wavelength. Alterna _iv the shear

and Poisson’s ratio from:
. (1 — 2u) ,

G = Pl Wy
2(1 - )

The use of this equation is somewhat limited because

the velocity of a P-wave in water is approximately

5000 feet per second (approximately the velocity in

many soils) and Poisson’s ratio must be estimated. For

(17-20)

my .l L
iis, u = 0.5. The theoret-
(3) The shear modulus, G, may be calculated from  saturated or near saturated solls, p = 0.5. ' he Lhcore>
the S- (approximately the R-wave) wave velocity as fol- 1cal variation OI tne ravio ve/ vp Wit i 1S siowil 11l 1ig
lows: ure 17-8.
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Figure 17-8. Theoretical relation between shear velocity ratio V,/V, and Poisson's ratio
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c. Laboratory measurement of dynamic stress-
strain properties. Low shear-stram amplitude, i.e. less
than 102 percent, shear modulus data may be obtained
from laboratory tests and usually involve applying
some type of high- frequency forced vibration to a

cylindricai sample of soil and measuring an appro-
. - '

priate response. Some types of tests allow the inten-
sity level of the forced vibration to be varied, thus
yielding moduli at different shear strains.

(1) High strain-level excitation, i.e. 0.01 to 1.0
percent, may be achieved by low-frequency, cyclic
loading triaxial compression tests on soil samples. The
modulus, damping, and strain level for a particular
test are calculated directly from the samp e response

assiu upti()u

"'9

y cyclic stram amnh-
tude the soil behaves as a lmear elastic, viscous,
damped material. A typical set of results may take the
form of a hysteresis loop as shown in figure 17-9.
Either shear or normal stress cycllc excitation may be
used 1 ne snear moaums lS CalCU a eq Irom tne S‘l()pe 0

tha I + 1 Tha
ulic pe to- peal\ secant iine. ine daluplug 1S computea

\
N

from the area of the hyste-ewls loop, and the strain
level is taken as the single-amplitude (one-half the
peak-to-peak amplitude or origin to peak value) cyclic
strain for the condition during that cycle of the test.
Note that the equations for modulus and damping

shown in tlgure 17-9 assume the SOll behaves as an

________ ) P, P PR SR PR [N IpIOS. N [ N Ty
equivalent elastic viscous, dampened material, which
is linear within the range of strain amplitude speci-

i oil

dynamics analvses because of the low v1brat10n amph-
tudes involved. If the cyclic hysteresis loops are ob-
tained from triaxial test specimens, the resulting
modulus will be the stress-strain modulus, E. If the
tests involve simple shear or torsion shear such that

Sl Chenccne ard Ghrailne OWA MO0 SRS S . 14:em ~
Srear siresses ana St Hlllb dre inedsur EU LIIE Iresuluilg
modulus will be the shear modulus, G. In either case,
the same equations apply.

the stress strain modulus and Poisson’s ratio as fol-
lows:

op]
1]

(17-21)

z N\

~

@
)
=
X
>
z

m

MODULUS (M) =

S
<
\\L ~
l\

— e — — —

VISCOUS DAMPING ()

AREA OF LOOP ACA'C'

" 27 '\AREA OF TRIANGLES (OAB + 0OA'B'/

T —= SINGLE AMPLITUDE STRAIN, € :?’-

2-(1 +v)
A =€ (Vv + 1)

"

DRI AC VIA 1M

< FORMULAS VALID 1
(SINGLE SHEAR OR TORSION SHEAR TEST) O

FOR CYCLIC SHEAR STRESS
R

CYCLIC AXIAL STRESS (TRIAXIAL TEST)
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The shear strain amplitude, A,, may be computed from
the axial strain amplitude, ¢, and Poisson’s ratio as fol-
lows:
A =el + ) (17-22)

For the special case of saturated soils, Poisson’s ratio is
0.5, which leads to the following:

G=EB

A, =1.5¢

d. Correlations.

(1) Empirical correlations from many sets of data
have provided several approximate methods for esti-
mating the S-wave velocity and shear modulus for soils
corresponding to low-strain excitation. For many un-
disturbed cohesive soils and sands:

1230(21973 - e)* (OCRY" (65)°* (pounds
l+e per square inch) (17-23)

G=

where
e = void ratio
n = empirical constant, which depends on
the PI of cohesive soils (table 17-4). For
sands, PI = 0 and n = 0, so OCR term re-
duces to 1.0. For clays, the maximum
valueisn = 0.5 for PI > 100.
o, = 1/3 (0, + 0; + 0;) = mean normal ef-
fective stress, pounds per square inch
(2) For sands and gravels, calculate the low-strain
shear modulus as follows:

G = 1000(K,) (0;) ** (pounds per square foot) (17-24)

where
K, = empirical constant (table 17-5)
= 90 to 190 for dense sand, gravel, and
cobbles with little clay
o, = mean normal effective stress as in equa-

tion (17-23) (but in units of pounds per
square foot)

TM 5-813-1/AFM 88-3, Chap. 7

(3) For cohesive soils as clays and peat, the shear
modulus is related to S, as follows:

G=Ks, (17-25)
For clays, K, ranges from 1500 to 3000. For peats, K,
ranges from 150 to 160 (limited data base).

(4) In the laboratory, the shear modulus of soil in-
creases with time even when all other variables are
held constant. The rate of increase in the shear modu-
lus is approximately linear as a function of the log of
time after an initial period of about 1000 minutes. The
change in shear modulus, AG, divided by the shear
modulus at 1000 minutes, G,q, is called the normal-
ized secondary increase. The normalized secondary in-
creases range from nearly zero percent per log cycle
for coarse sands to more than 20 percent per log for
sensitive clays. For good correlation between labora-
tory and field measurements of shear modulus, the age
of the in situ deposit must be considered, and a second-
ary time correction applies to the laboratory data.

e. Damping in low strain levels. Critical damping is
defined as

c. = 2Vkm (17-26)
where k is the spring constant of vibrating mass and m
represents mass undergoing vibration (W/g). Viscous
damping of all soils at low strain-level excitation is
generally less than about 0.01 percent of critical
damping for most soils or:

D = clc. £.0.05 17-27)
It is important to note that this equation refers only to
material damping, and not to energy loss by radiation
away from a vibrating foundation, which may also be
conveniently expressed in terms of equivalent viscous
damping. Radiation damping in machine vibration
problems is a function of the geometry of the problem
rather than of the physical properties of the soil.

Table 17-4. Values of Constant n Used with Equation (17-23) to Estimate Cyclic Shear Modulus at Low Strains

Plasticity Index _ K
0 0

20 0.18

40 0.30

60 0.41

80 0.48

>100 0.50

(Courtesy of O. Hardin and P. Drnevich, “Shear Modulus and
Damping in Soils: Design Equations and Curves, " Journal, Soil
Mechanics and Foundations Division, Vol 98, No. SM7, 1972, pp

667-692. Reprinted by permission of American Society of Civil

Engineers, New York.)
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Table 17-5. Values of Constant Ky Used with Equation (17-24) to Estimate Cyclic Shear Modulus at Low Strains for Sands

e “
0.4 70
0.5 60
0.6 51
0.7 45
0.8 39
0.9 33

(%)

O
(]

N
S O

S
w

&
<

30

(Courtesy of H. B. Seed and I. M. Idriss,

“Simplified Procedures

‘o~ Evcluating Liquefaction Potential,” Journal, Soil Mechanics
and Foundations Division, Vol 97, No. SM9. 1971, pp 1249-1273.

Reprinted by permission of American Society of Civil Engineers,

the modulus (fig 17—10) and increase the damping of
the soil (fig 17-11). Shear modulus and damping
values at high strains are used mamly in computer pro-
grams for analyzmg the selsmic respons e of soil under

1.1 GBI AIIS AT vinal
‘tuquane 104U lllg CoIl u L OILS, Ll 1+ vanuus eipiricdl
n
v

(=]
=
jo9
1)
=
:L.

100 feet or overburden. Stiff overconsolidated clays
and all soils at high effective confining pressure
exhibit lower values of damping and higher values of
modulus, espec1auy at high stram levels. As a maxx-

d shearing strains of cohe-

Q
n
&
S
=
bl
S
& 3
fb
R
=
=
b
S
®
®
=4
g

mltial den51ty of the sml the thickness the stratum
and the intensity and number of repetitions of the
shearing strains. Generally, cohesionless soils with
relative densities (D,) greater than about 75 percent

might occur under sustamed dynamic oadmgs the
soil beneath and around the foundation may be pre-
compacted during the construction process by vibro-
flotation, multiple blasting, pile driving, or vibrating
rollers acting at the surface. The idea is to subject the

17-14

New York.)
soil to a more severe dynamic loading condition during
construction than it will sustain throughout the design

(

operation.

saturated cohesmnless soils denends upon the effective
stress acting between particles. When external forces
cause the pore volume of a cohesionless soil to reduce
the amount V, pore water pressures are increased dur-
mg the time required to drain a volume V of water
1 element. Consequently, pore pressu

a tima rata of chanoo 1
1T LT 1aw vl Luausc 111

oq
=}
3
=9
=
D
-]
§/]
o~
el
D
.l
3
D
+°)
=5
;
<
]
=)
(=P

available dralnaz hs). When condltions permlt the

pore pressure, U, to build up to a value equal to the

total stress, o,, on the failure plane, the shear strength

is reduced to near zero and the mixture of soil grains

and water behave s as a liquid. 1ms condition 1s true
) I

strength fo g
formations of soxl masses occur by flow as a heavy
liquid.

c. Liquefaction due to seismic activity. Soil deposits
that have a history of serious liquefaction problems
during earthquakes include alluvial sand, aeolian
sands and silts, beach sands, reclaimed land, and hy-
draulic fills. During initial field investigations ob-

servations that suggest possible liquefaction promems
in seismic areas include low peuetrat n resistance;

i i o
100l resisiance,
mn

artesian heads or excess pore pressures; persic ent i

A1 VOO1IAI 1iTAUS Vi TALTUSS pv prosSwits

ability to retain granular soils in sampling tubes; and
any clean, fine, uniform sand below the groundwater
table. The liquefaction potential of such soils for struc-
tures in seismic areas should be addressed unless they
meet one of the criteria in table 17-6. In the event that
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Figure 17-10. Variation of shear modulus with cyclic strain amplitude; Gpgy = Gate = 1 to 3 x 107 percent; scatter in data up to about *0.1
on vertical scale.
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Figure 17-11. Varwation of viscous damping with cyclic strain amplitude; data scatter up to about *50 percent of average damping values
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shown forany strain.
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Table 17-6. Criteria for Excluding Need for Detailed Liquefaction Analyses

1. CL, CH, SC, or GC soils.

2. GW or GP soils or materials consisting of cobbles, boulders,
uniform rock fill, which have free-draining boundaries that are large
enough to preclude the development of excess pore pressures.

3. SP, SW, or SM soils which have average relative density equal
to or greater than 85 percent, provided that the minimum relative den-
sity is not less than 80 percent.

4. ML or SM soils in which the dry density is equal to or greater
than 95 percent of the modified Proctor (CE 55) density.

5. Soils of pre-Holocene age, with natural overconsolidation
ratio equal to or greater than 16 and with relative density greater than
70 percent.

6. Soils located above the highest potential groundwater table.

7. Sands in which the '"N" value is greater than three times the
depth in feet, or greater than 75; provided that 75 percent of the
values meet this criterion, that the minimum "N" value is not less than
one times the depth in feet, that there are no consistent patterns of
low values in definable zones or layers, and that the maximum particle
size is not greater than 1 in. Large gravel particles may affect "N"
values so that the results of the SPT are not reliable.

8. Soils in which the shear wave velocity is equal to or greater
than 2000 fps. Geophysical survey data and site geology should be re-
viewed in detail to verify that the possibility of included zones of low
velocity is precluded.

9. Soils that, in undrained cyclic triaxial tests, under isotrop-
ically consolidated, stress-controlled conditions, and with cyclic stress
ratios equal to or greater than 0.45, reach 50 cycles or more with peak-
to-peak cyclic strains not greater than 5 percent; provided that methods

of specimen preparation and testing conform to specified guidelines.

Note: The criteria given above do not include a provision for exclusion
of soils on the basis of grain-size distribution, and in general,
grain-size distribution alone cannot be used to conclude that soils
will not liquefy. Under adverse conditions nonplastic soils with a
very wide range of grain sizes may be subject to liquefaction.

U. S. Army Corps of Engineers
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none of the criteria is met and a more favorable site
cannot be located, the material in question should be
removed, remedial treatment applied as described in
chapter 16, or a detailed study and analysis should be
conducted to determine if liquefaction will occur.

17-7. Seismic eoffects on foundations.

17-18

Ground motions from earthquakes cause motions of
foundations by introducing forces at the foundation-
soil contact zone. Methods for estimating ground mo-
tions and their effects on the design of foundation ele-
ments are discussed in TM 5-809-10/AFM 88-3,

Ak o
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Chapter 18

FOUNDATIONS IN AREAS OF SIGNIFICANT FROST PENETRATION

18-1. Introduction.
a. Types of areas. For purposes of this manual, areas

~F oni i + £ ha
O1 axsuuxﬂanu frost penetrat.sn may e defined as

those in which freezing temperatures occur in the
ground to sufficient depth to be a significant factor in
foundation design. Detailed requirements of engineer-
ing design in such areas are given in TM
5-818-2/AFM 88-6, Chapter 4, and the Arctic and
Subarctic Construction series, TM 5-852-1 through
9/AFM 88-19, Chapters 1 through 9, respectively.
Areas of significant frost penetration may be subdi-

vided as follows:
VAUTU QT 1VivUY

(1) Seasonal frost areas.

(a) Significant ground freezing occurs in these
areas during the winter season, but without develop-
ment of permafrost.! In northern Texas, significant
seasonal frost occurs about 1 year in 10. A little far-
ther north it is experienced every year. Depth of sea-
sonal freezing increases northward with decreasing
mean annual and winter air temperatures until perma-
frost is encountered. With still further decrease of air
temperatures, the depth of annual freezing and thaw-
ing becomes progressively thinner.

(b) The layer extending through both seasonal
frost and permafrost areas in which annual freeze-
thaw cycles occur is called the annual frost zone. In
permafrost areas, it is also called the active layer. It is
usually not more than 10 feet thick, but it may exceed
20 feet. Under conditions of natural cover in very cold
permafrost areas, it may be as little as 1 foot thick. Its
thickness may vary over a wide range even within a
small area. Seasonal changes in soil properties in this
layer are caused principally by the freezing and thaw-
ing of water contained in the soil. The water may be
permanently in the annual frost zone or may be drawn
into it duri ing the fre C!'Jbllls process aud u:leased durllls
thawing. Seasonal changes are also produced by
shrinkage and expansion caused by temperature
changes.

(2) Permafrost areas.

(@) In these areas, perennially frozen ground is
found below the annual frost zone. In North America,
permafrost is found principally north of latitudes 55
to 65 degrees, although patches of permafrost are

found much farther south on mountains where the

AV

! Specialized terms relating to frozen ground areas are defined in
TM 5-818-2/AFM 88-6, Chapter 4, and TM 5-852-1/AFM 88-19,
Chapter 1.

temperature conditions are sufficiently low, including
some mountains in the contiguous 48 States. In areas
of continuous permafrost, perennially frozen ground is
absent only at a few widely scattered locations, as at
the bottoms of rivers and lakes. In areas of discon-
tinuous permafrost, permafrost is found intermittent-
ly in various degrees. There may be discontinuities in
both horizontal and vertical extent. Sporadic perma-
frost is permafrost occurring in the form of scattered
permafrost islands. In the coldest parts of the Arctic,
the ground may be frozen as deep as 2000 feet.

(b) The geographical boundaries between zones
of continuous permafrost, discontinuous permafrost,
and seasonal frost without permafrost are poorly de-
fined but are represented approximately in figure

18-1.

b. General nature of design problems. Generally,
the design of foundations in areas of only seasonal
frost follows the same procedure as where frost is in-
significant or absent, except that precautions are
taken to avoid winter damage from frost heave or
thrust. In the spring, thaw and settlement of frost-
heaved material in the annual frost zone may occur
differentially, and a very wet, poorly drained ground
condition with temporary but substantial loss of shear
strength is typical.

(1) In permafrost areas, the same annual frost
zone phenomena occur, but the presence of the under-
lying permafrost introduces additional potentially
complex problems. In permafrost areas, heat flow
from buildings is a fundamental consideration, compli-
cating the design of all but the simplest buildings. Any
change from natural conditions that results in a warm-
ing of the ground beneath a structure can result in pro-

n‘rnccnlo ln‘llﬂv"l’n(‘l‘ af the normnf‘v‘r\cf fcl"\]n gvera nari
B iig Ul LT pla QL1 USL Q puiiva

of years that is known as degradation. If the perma-
frost contains ice in excess of the natural void or fis-
sure space of the material when unfrozen, progressive
downward thaw may result in extreme settlements or
overlying soil and structures. This condition can be
very serious because such subsidence is almost invari-
ably differential and hence very damaging to a struc-
ture. Degradation may occur not only from building
heat but also from solar heating, as under pavements,
from surface water and groundwater f]ow, and from
underground utility lines. Proper insulation will pre-
vent degradation in some situations, but where a con-

18-1
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tinuous source of heat is available, thaw will in most
cases eventually occur.

(2) The more intense the winter cooling of the
frozen layer in the annual frost zone and the more
rapid the rate of frost heave, the greater the intensity
of uplift forces in piles and foundation walls. The
lower the temperature of permafrost, the higher the
hoarine ranacitv and adfraaze ctrancth that nan ha da.

AURAL siagy VRAPMAVAV) GaalA QULATTLU DuATiag Uil VIAAV LALE UU UTT

veloped, the lower the creep deformation rate under
footings and in tunnels and shafts, and the faster the
freeze-back of slurried piles. Dynamic response char-
acteristics of foundations are also a function of tem-

perature. Both natural and manufactured construction
materials experience significant linear and volumetric
changes and may fracture with changes in tempera-
ture. Shrinkage cracking of flexible pavements is
experienced in all cold regions. In arctic areas, pat-
terned ground is widespread, with vertical ice wedges
formed in the polygon boundaries. When underground
pipes, power cables, or foundation elements cross
shrinkage cracks, rupture may occur during winter
contraction. During summer and fall, expansion of the
warming ground may cause substantial horizontal
forces if the cracks have become filled with soil or ice.

A. Continuous permafrest. t - i
8. Discontinuous and sporadic permafrost.
C. Seasonal frost only. Where seasonal frost may be
expected to penetrate pavement and base to a depth
of at least 12 inches in 1 year in 10.

U. S. Army Corps of Engineers

Figure 18-1. Frostand permafrostin North America.
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(3) Engineering problems may also arise from
such factors as the difficulty of excavating and han-
dling ground when it is frozen; soft and wet ground
conditions during thaw periods; surface and subsur-
face drainage problems; special behavior and handling
requirements for natural and manufactured materials

at law toamnaratiirac and undar fvmvo-fl\ony antinn:
av iUw wuny\,xuuuxvn ailG unGel {CTacs Qlwalii,

possible ice uplift and thrust action on foundations;
condensation on cold floors; adverse conditions of
weather, cost, and sometimes accessibility; in the more
remote locations, limited local availability of ma-
terials, support facilities, and labor; and reduced labor
efficiency at low temperatures.

(4) Progressive freezing and frost heave of
foundations may also develop under refrigerated ware-

houges and othar facilitias where sustained interior he-

ALV RDURN QAAAM U VAAUL AGAVALA VAU TV AAVA T DD MRALLATA AlaVia ava

low-freezing temperatures are maintained. The design
procedures and technical guidance outlined in this
chapter may be adapted to the solution of these design
problems.

18-2. Factors affecting design of founda-
tions.
a. Physiography and geology. Physiographic and

nrpnlnmr- details in the area of the nrnnnqu construce-

tlon are a major factor determining the degree of diffi-
culty that may be encountered in achieving a stable
foundation. For example, pervious layers in fine-
grained alluvial deposits in combination with copious
groundwater supplies from adjacent higher terrain
may produce very high frost-heave potential, but
clean, free-draining sand and gravel terrace forma-
tions of great depth, free of excess ice, can provide vir-
tually trouble-free foundation conditions.

b. Temperature. The most important factors con-
tributing to the existence of adverse foundation condi-
tions in seasonal frost and permafrost regions are cold
air temperatures and the continual changes of tem-
perature between summer and winter. Mean annual
air temperatures usually have to be 2° to 8°F below
freezing for permafrost to be present, although excep-
tions may be encountered both above and below this

ranaa (trnind tamnaratnrae Aanthe Af froara and
AQUFT. ULUULU WILPOIaLUITY, UTPUID Ul LiTTaT auiu

thaw, and thickness of permafrost are the product of
many variables including weather, radiation, surface
conditions, exposure, snow and vegetative cover, and
insulating or other special courses. The properties of
earth materials that determine the depths to which
freezing-and-thawing temperatures will penetrate be-
low the ground surface under given temperature dif-
ferentials over a given time are the thermal conductiv-
itv. the volumetric enpmfm heat capacity, and the

25y 2% LRIl Thalal 23R8 L8Pl

volumetric latent heat of fusion. These factors in turn
vary with the type of material, density, and moisture
content. Figure 18-2 shows how ground temperatures
vary during the freezing season in an area of substan-

TM 5-818-1/AFM 88-3, Chap. 7

tial seasonal freezing having a mean annual tempera-
ture of 37°F (Limestone, Maine), and figure 18-3
shows similar data for a permafrost area having a
mean annual temperature of 26°F (Fairbanks,
Alaska).

(1) For the computation of seasonal freeze or thaw

nanatratinn frooyina.nnd thninino indovoe ara mnead
PUUTVIAUIVIL) JITTULULE WIMW LIRAWVIvE VIVWTATY Giv  uovu

based upon degree-days relative to 32°F. For the aver-
age permanent structure, the design indexes should be
those for the coldest winter and the warmest summer
in 30 years of record. This criterion is more conserva-
tive than that used for pavements because buildings
and other structures are less tolerant of movement
than pavements. It is important to note that indexes
found from we~ther records are for air about 4.5 feet

above the ground: the valueg at ground surface, which

QAU VU Vail i Vialay vail VRRAWLD QAU @ma v udiila wus sl Asavaa

determine freeze-and-thaw effects are usually dif-
ferent, being generally smaller for freezer conditions
and larger for thawing where surfaces are exposed to
the sun. The surface index, which is the index deter-
mined for temperature immediately below the surface,
18 n times the air index, where n is the correction fac-
tor. Turf, moss, other vegetative cover, and snow will

reduce the n value for temperatures at the soil surface
in relation to air temperatures and hence give less

freeze or thaw penetration for the same air freezmg or
thawing index. Values of n for a variety of conditions
are given in TM 5-852-4/AFM 88-19, Chapter 4.

(2) More detailed informatiorn on indexes and
their computation is presented in TM 5-852-6/AFM
88-19, Chapter 6. Maps showing distribution of index
values are presented in TM 5-852-1/AFM 88-19,
Chapter 1, and TM 5-818-2/AFM 88-6, Chapter 4.

¢. Foundation materials. The foundation design
decisions may be critically affected by the foundation
soil, ice, and rock conditions.

(1) Soils.

(@) The most important properties of soils af-
fecting the performance of engineering structures
under seasonal freeze-thaw action are their frost-heav-
ing characteristics and their shear strengths on thaw-
ing. Criteria for frost susceptibility based on per-

rantacn hy waicht finar than N N9 millimatar ara nra.
CCTLILART VY YWTIRIIL 1AITE UIALL V.V 111MANTWL alc pic

sented in TM 5-818-2/AFM 88-6, Chapter 4. These
criteria have also been developed for pavements.
Heave potential at the lower limits of frost susceptibil-
ity determined by these criteria is not zero, although it
is generally low to negligible from the point of view of
pavement applications. Applicability of these criteria
to foundation design will vary, depending upon the na-

ture and requirements of the particular construction.
Relative frost-heaving qnn]lhoe of various soils are

avlalsva 22 US VAT R Vaiay MiRaa vaTS QiLaS SLaas

shown in TM 5-818-2/AFM 88-6, Chapter 4.

(b) Permafrost soils cover the entire range of
types from very coarse, bouldery glacial drift to clays
and organic soils. Strength properties of frozen soils

18-3
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Ground temperature during freezing season in Limestone, Maine.

Figure 18-2. G

[al

TEMPERATURE, °F

T
- S — —_——
n&/,
~ e
%6/
M~~~
~
4 - ~. b —
«
€, N
P~
T
“V
T Ll
0N
Mw—— \mnﬂo_. N
M \wo hﬁ(-& —4 =
I\mx_Nm,wum
[ NOSV IS
~N——"—_"
e
.ldll"llllrlllll-lll.T-ll.IlIn
1 JYNUIVYYIdWIL HIY TVINNY NYIW —4—
- b 173389 40,00 e
~ N 41 HOuvYW NOSY3S T |
8 ~ 56t O
L i .
4 o — 4 —_—t _M “ "“ -
4 - 2 -
> “ a
N S IJJ - -4+ PR S— 25 < _" .
» 20 ‘e
v 90 FR G~
~ / iv\‘ xe e B
\ tie Fuke-
N \ W zg s
D r_.uC << wo
B TR
; T
o Y g b
I (N R =0 B
— —4 - —_— rin»+,|‘¢' F.x ~
! w
e — 4 - U >+l 4 -0 L
J | &
L]
b i ﬁ — —
(=] - o~ - - n © ~

414 '3D0v4uNS ONNONS MOT38 HLId3A

Figure 18-3. Ground temperatures during freezing scason in Fairbanks, Alaska.
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are dependent on such variables as gradation, density,
degree of saturation, ice content, unfrozen moisture
content, temperature, dissolved soils, and rate of foad-

ing. Frozen soils characteristically exhibit creep at
stresses as low as 5 to 10 percent of the rupture
strength in rapid loading. Typical strength and creep

relationships are described in TM 5-852-4/AFM
88-19, Chapter 4.

(2) Ice. Ice that is present in the ground in excess
of the normal void space is most obvious as more or
less clear l nses, veins or masses easily visible in cores,

it maner alan ha an 3

ut it may aiso oe so uni-
t
v

readilv annarent to ﬂ'\p
eadily appa

though small amounts of ice may also originate from
filling of shrinkage cracks; ice formations in this zone
disappear each summer. Below the annual frost zone,
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excess ice in permafrost may form by the same type o
ice segregation process as above, may occur as vertical
ice wedges formed by a horizontal contraction-ex-

pansion process, or may be “fossil ice” buried by land-
slides or other events. Although most common in fine-
grained soils, substantial bodies of excess ice are not
uncommon in permanently frozen clean, granular de-
posits The possible adverse effects of excess ice are
cnscussea in paragraph 18-4a(2

19
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of positive urface mformatlon In seasonal frost
areas, mud seams in bedrock or concentrations of fines
at or near the rock surface, in combination with the
ability of fissures in the rock to supply large quantities
of water for ice segregation frequently cause severe
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tion can be easﬂv rep lemshed from qulfer layer or
from a water table within a few feet of the plane of
freezing, heave can be large. However, if a freezing soil
has no access to free water beyond that contained in
voids of the soil mmedzate [y at r below tne piane of

4

freezing, frost heave

able to fee:i growing ice lenses ten
cause of the presence of the underlying impermeable
permafrost layer, usually at relatively shallow depths,
and maximum heave may thus be less than under

otherwnse 51m11ar condltions in seasonal trost areas
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(3) The wat ubstant1al
effect upon the depth of freeze or thaw penetration
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that will occur with a given surface freezing or thaw-
ing index. Higher moisture contents tend to reduce
penetrano by increasing the volumetric latent heat of

tunnr\n ifin hant cananity

all oo tha valiima
€1l ad LIIT vuluincuil pr\.ux\, neat capacity.

S ¥
n increase in moisture also increases thermal

conductivity, the effect of latent heat of fusion tends
to be predominant. TM 5-852-6/AFM 88-19, Chapter
6, contains charts showing thermal conductivity rela-
tionships.

e. Frost-heave forces and effect of surcharge. Frost-

heave forces on structures may be quite large. For
some engineering construction, complete prevention

Anmnlada

€S, Compiewe yxevcutnuu is
il

f ol
condmons, it may be possible to take advantage of the
effect of surcharge to control heave. It has been dem-
onstrated in laboratory and field experiments that the
rate of frost heaving is decreased by an increase of
loading on the freezing plane and that frost heaving

can be completeiy restrained if sufficient pressure is

armmlind Llaeernern ' vevvn
applied. However, heave forces normal to the freez-
ing plane may reach more than 10 tons per square

foot. Detailed information on frost-heaving pressures
and on the effect of surcharge is presented in TM
5-852-4/AFM 88-19, Chapter 4.

f. Type of structure. The type and uses of a struc-
ture affect the foundation design in frost areas as in
other places. Applicable considerations are discussed

in TM 5-852-4/AFM 88-19, Chapter 4.

18-3. Site investigations.

a. General. In addition to the needed site investiga-

i, in aadition to the needed 8§1 4

tions and data described in the manuals for nonfrost
conditions, design of foundations in areas of signifi-
cant frost penetration requires special studies and
data because of factors introduced by the special frost-
related site conditions. Detailed site mvestlganon pro-

cedures applicable for arctic and eas
described in TM 5-852-2/AFM 88»19, Chapter 2, and
TM 5-852-4/AFM 88-19. Chanter 4, and may be

adapted or reduced in scope, as appropriate, in areas of
less severe winter freezing. Methods of terrain evalua-
tion in arctic and subarctic regions are given in TM
5-852-8.

b. Remote sensing and geophysical investigations.
These techniques are particularly valuable in selection
of the specmc site location, when a choice is possibie.

mLy . m<rm nliso ~ cithaiinwfanns t‘..n..,-.—. granimd aanAds
They can give clues to subsurface frozen ground condi-
tions because of effects of ground freezing upon such

'Qn. land astaze. and soil and rock

c. Direct site investigations. The number and extent

of direct site exp lorations should be sufficient to re-
veal in detail the occurrence and extent of frozen

18-5
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strata, permafrost and excess ice including ice wedges,
moisture contents and groundwater, temperature con-
ditions in the ground, and the characteristics and
properties of frozen materials and unfrozen soil and
rock.

(1) The need for investigation of bedrock requires
special emphasis because of the possibilities of frost
heave or ice inclusions as described in paragraph
18-2¢(3). Bedrock in permafrost areas should be
drilled to obtain undisturbed frozen cores whenever ice
inclusions could affect the foundation design or perfor-
mance.

(2) In areas of discontinuous permafrost, sites re-
quire especially careful exploration and many prob-
lems can be avoided by proper site selection. As an ex-
ample, the moving of a site 50 to 100 feet from its
planned position may place a structure entirely on or
entirely off permafrost, in either case simplifying
foundation design. A location partly on and partly off
permafrost might involve an exceptionally difficult or
costly design.

(3) Because frozen soils may have compressive
strengths as great as that of a lean concrete and be-
cause ice in the ground may be melted by conventional
drilling methods, special techniques are frequently re-
quired for subsurface exploration in frozen materials.
Core drilling using refrigerated drilling fluid or air to
prevent melting of ice in the cores provides specimens
that are nearly completely undisturbed and can be sub-
jected to the widest range of laboratory tests. By this
procedure, soils containing particles up to boulder size
and bedrock can be sampled, and ice formations can be
inspected and measured. Drive sampling is feasible in
frozen fine-grained soils above about 25°F and is often
considerably simpler, cheaper, and faster. Samples ob-
tained by this procedure are somewhat disturbed, but
they still permit ice and moisture content determina-
tions. Test pits are very useful in many situations. For
frozen soils that do not contain very many cobbles and
boulders, truck-mounted power augers using tungsten
carbide cutting teeth will provide excellent service
where classification, gradation, and rough ice-content
information will be sufficient. In both seasonal frost
and permafrost areas, a saturated soil condition is
common in the upper layers of soil during the thaw
season, so long as there is frozen, impervious soil still
underlying. Explorations attempted during the thaw
season are handicapped and normally require cased
boring through the thawed layer. In permafrost areas,
it is frequently desirable to carry out explorations dur-
ing the colder part of the year, when the annual frost
zone is frozen, than during the summer.

(4) In subsurface explorations that encounter fro-
zen soil, it is important that the boundaries of frozen
and thawed zones and the amount and mode of ice oc-
currence be recorded. Materials encountered should be

identified in accordance with the Unified Soil Classifi-
cation System (table 2-3), including the frozen soil
classification system, as presented in TM 5-852-2/
AFM 88-19, Chapter 2.

(5) In seasonal frost areas, the most essential site
date beyond those needed for nonfrost foundation de-
sign are the design freezing index and the soil frost-
susceptibility characteristics. In permafrost areas, as
described in TM 5-852-4/AFM 88-19, Chapter 4, the
date requirements are considerably more complex; de-
termination of the susceptibility of the foundation ma-
terials to settlement on thaw and of the subsurface
temperatures and thermal regime will usually be the
most critical special requirements. Ground tempera-
tures are measured most commonly with copper-con-
stantan thermocouples or with thermistors.

(6) Special site investigations, such as installation
and testing of test piles, or thaw-settlement tests may
be required. Assessment of the excavation characteris-
tics of frozen materials may also be a key factor in
planning and design.

18-4. Foundation design.

a. Selection of foundation type. Only sufficient dis-
cussion of the relationships between foundation condi-
tions and design decisions is given below to indicate
the general nature of the problems and solutions.
Greater detail is given in TM 5-852-4/AFM 88-19,
Chapter 4.

(1) Foundations in seasonal frost areas.

(@) When foundation materials within the max-
imum depth of seasonal frost penetration consist of
clean sands and gravels or other non-frost-susceptible
materials that do not develop frost heave or thrust, or
thaw weakening, design in seasonal frost areas may be
the same as for nonfrost regions, using conventional
foundations, as indicated in figure 18-4. Effect of the
frost penetration on related engineering aspects, such
as surface and subsurface drainage systems or under-
ground utilities, may need special consideration.
Thorough investigation should be made to confirm the
nonfrost susceptibility of subgrade soils prior to de-
sign for this condition.

(b) When foundation materials within the an-
nual frost zone are frost-susceptible, seasonal frost
heave and settlement of these materials may occur. In
order for ice segregation and frost heave to develop,
freezing temperatures must penetrate into the ground,
soil must be frost-susceptible, and adequate moisture
must be available. The magnitude of seasonal heaving
is dependent on such factors as rate and duration of
frost penetration, soil type and effective pore size, sur-
charge, and degree of moisture availability. Frost
heave in a freezing season may reach a foot or more in
silts and some clays if there is an unlimited supply of
moisture available. The frost heave may lift or tilt
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Figure 18-4. Design alternatives.

L8l

L°doy) ‘c-gs WiV/L-818-S Wl



TM 5-818-1/AFM 88-3, Chap.7

foundations and structures, commonly differentially,
with a variety of possible consequences.

() When thaw occurs, the ice within the frost-
heaved soil is changed to water and escapes to the
ground surface or into surrounding soil, allowing over-
lying materials and structures to settle. If the water is
released by thaw more rapidly than it can be drained
away or redistributed, substantial loss in soil strength
occurs. In seasonal frost areas, a heaved foundation
may or may hot return to its before-heave elevation.
Friction on lateral surface or intrusion of softened soil
into the void space below the heaved foundation mem-
bers may prevent full return. Successive winter sea-
sons may produce progressive upward movement.

(d) Therefore, when the soils within the maxi-
mum depth of seasonal frost penetration are frost-sus-
ceptible, foundations in seasonal frost areas should be
supported below the annual frost zone, using conven-
tional foundation elements protected against uplift
caused by adfreeze grip and against frost overturning
or sliding forces, or the structure should be placed on
compacted non-frost-susceptible fill designed to con-
trol frost effects (fig 18-4).

(2) Foundations in permafrost areas. Design on
permafrost areas must cope with both the annual frost
zone phenomena described in paragraph 18-4a(1) and
those peculiar to permafrost.

(a) Permafrost foundations not adversely affect-
ed by thaw. Whenever possible, structures in perma-
frost areas should be located on clean, non-frost-sus-
ceptible sand or gravel deposits or rock that are free of
ground ice or of excess interstitial ice, which would
make the foundation susceptible to settlement on
thaw. Such sites are ideal and should be sought when-
ever possible. Foundation design under these condi-
tions can be basically identical with temperate zone
practices, even though the materials are frozen below
the foundation support level, as has been demon-
strated in Corps of Engineers construction in interior
Alaska. When conventional foundation designs are
used for such materials, heat from the structure will
gradually thaw the foundation to progressively greater
depths over an indefinite period of years. In 5 years,
for example, thaw may reach a depth of 40 feet. How-
ever, if the foundation materials are not susceptible to
settlement on thaw, there will be no effects on the
structure from such thaw. The possible effect of earth-
quakes or other dynamic forces after thawing should
be considered.

(b) Permafrost foundations adversely affected
by thaw. When permafrost foundation materials con-
taining excess ice are thawed, the consequences may
include differential settlement, slope instability, de-
velopment of water-filled surface depressions that
serve to intensity thaw, loss of strength of frost-
loosened foundation materials under excess moisture

18-8

conditions, development of underground uncontrolled
drainage channels in permafrost materials susceptible
to bridging or piping, and other detrimental effects.
Often, the results may be catastrophic. For permafrost
soils and rock containing excess ice, design should con-
sider three alternatives, as indicated in figure 18-4:
maintenance of stable thermal regime, acceptance of
thermal regime changes, and madification of founda-
tion conditions prior to construction. These ap-
proaches are discussed in TM 5-852-4/AFM 88-19,
Chapter 4. Choice of the specific foundation type from
among those indicated in figure 18-4 can be made on
the basis of cost and performance requirements after
the development of details to the degree needed for
resolution.

b. Foundation freeze and thaw and techniques for
control. Detailed guidance for foundation thermal
computations and for methods of controlling freeze-
and-thaw penetration is presented in TM 5-852-4 and
TM 5-852-6/AFM 88-19, Chapters 4 and 6, respec-
tively.

(1) Design depth of ordinary frost penetration.

(@) For average permanent structures, the depth
of frost penetration assumed for design, for situations
not affected by heat from a structure, should be that
which will occur in the coldest year in 30. For a struc-
ture of a temporary nature or otherwise tolerant of
some foundation movement, the depth of frost pene-
tration in the coldest year in 10 or even that in the
mean winter may be used, as may be most applicable.
The design depth should preferably be based on actual
measurements, or on computations if measurements
are not available. When measurements are available,
they will almost always need to be adjusted by compu-
tations to the equivalent of the freezing index selected
as the basis for design, as measurements will seldom
be available for a winter having a severity equivalent
to that value.

(b) The frost penetration can be computed using
the design freezing index and the detailed guidance
given in TM 5-852-6/AFM 88-19, Chapter 6. For
paved areas kept free of snow, approximate depths of
frost penetration may be estimated from TM
5-818-2/AFM 88-6, Chapter 4, or TM 852-3/AFM
88-19, Chapter 3, entering the appropriate chart with
the air freezing index directly. A chart is also pre-
sented in TM 5-852-4/AFM 88-19, Chapter 4, from
which approximate depths of frost penetration may be
obtained for a variety of surface conditions, using the
air freezing index in combination with the appropriate
surface index/air correction factor (n-factor).

(¢) In the more developed parts of the cold re-
gions, the building codes of most cities specify mini-
mum footing depths, based on many years of local ex-
perience; these depths are invariably less than the
maximum observed frost penetrations. The code



values should not be assumed to represent actual frost
penetration depths. Such local code values have been
selected to give generally suitable results for the types
of construction, soil moisture, density, and surface
cover conditions, severity of freezmg conditions, and
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those assumed in formulating the code, especially for
unheated facilities, insulated foundations, or espe-
cially cold winters. Building codes in the Middle and
North Atlantic States and Canada frequently specify
minimum tootmg dep‘ S| that range from 3 to b feet. if
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penetration may occur in well-drained
gravels under the same conditions. With good soil data
and a knowledge of local conditions, computed values
for ordinary frost penetration, unaffected by building
heat, may be expected to be adequately reliable, even
though the freezing index may have to be estimated

from weather data from nearby stations. In remote
areas. measured frost denths mav be entirelv unavail-
s, measured frost depths m ay be entirely unavail

(2) Design depth of ordinary thaw penetration.
Estimates of seasonal thaw penetration in permafrost
areas should be established on the same statistical
measurement bases as outlined in ubparagraph a(&)(b)

The thaw penetration can then be computed using the
detailed guidance given in TM 5-852-6/AFM 88-19,
Chapter 6 Approximate values of' thaw penetration

index versus the depth of thaw in TM 5-852-4/AFM
88- lq Cbapter 4, Degradation of permafrost will re-

exceeds the average depth of frost penetratlon.
(3) Thaw or freeze beneath structures.
(@) Any change from natural conditions, which
results in a warming of the ground beneath a struc-
result in prugresslve iuwenug of the perma-
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frost can only be i nored as a factor in the long term
structural stabihty when the nature of the permafrost
is such that no settlement or other adverse effects will
result The source of heat may be not only the building

heat but also the solar radiation, underground utili-

ties, surface water, and groundwater flow. TM 5-
852-4 and TM 5—852«6/ FM 88-19, Chanpters 4

for estlmatmg the depth of thaw under a heated build-
ing with time.

E:
b

economical means of maintaining a stable thermal re-
gime under a heated structure, without degradation of
permafrost, is by use of a ventilated foundation. Under
this scheme, prov1s1on is made for the circulation of
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at,er air between the insulated nd the

(b) The most widely employed, effective and
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v1d1ng foundation ventilatlon is by prov1dmg an open
space under the entire building, with the structure
supported on footings or piling. For heavier floor load-
1ngs ventilation ducts below the msulated floor may
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be used. Experience nas shown tha un
tinne chanld ha an alavatad clanad arantaed and con.
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ficured as to mlmmize pos sibilities for accumu 1la ion of

thermal analysrs of ventilated foundatlons, including
the estimation of depths of summer thaw in support-
ing materials and design to assure winter refreezing, is
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given 'T‘M 5-852-4 and llVl 5-852-6/AFM 88-19,

and 6, 1capcuuvc1y
c) tural or forced circulation thermal piles or
refrigeration points may also be used for overall foun-
dation cooling and control of permafrost degradation.
(4) Foundation insulation. Thermal insulation
may be used in foundation construction in both sea-
sonal frost and permatrost areas to control frost pene-

tratlon I!’OSE neave and conaensauon to conserve en-
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Cellular glass ‘should not be used where it will be
subject to cyclic freezing and thawing in the presence
of moisture. Insulation thicknesses and placement
may be determined by the gumance given in TM
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and o, respectively.

(5) Granular mats. In areas of significant seasonal
frost and permafrost, a mat of non-frost-susceptible
granular material may be used to moderate and con-
trol seasonal freeze-and-thaw effects in the founda-
tion, to provide drainage under floor slabs, to provide
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totallv or partlallv contamed w1thm the mat When
seasonal effects are only partially contained, the mag-
nitude of seasonal frost heave is reduced through both
the surcharge effect of the mat and the reduction of
trost penetration into underlying frost-susceptibie

TRM K_QED _A/ATM QRQ_10Q (Chantar 4 nravida
-5 4/AFM 88-19, Chapter 4, provides
uidance in th

T
int design of mats.
(6) Solar radiation thermal effects. The control of
summer heat input from solar radiation is very impor-
tant in foundation design in permafrost areas. Correc-
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times live vegetatlve covering. In seasonal frost areas,
it may sometimes be advantageous to color critical sur-
faces black to gain maximum effect of solar heat in re-
ducing winter frost problems T™
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foundatlon must be desuzned to meet these criteria.
Movement and distortion of the foundation may arise
from seasonal upward, downward, and lateral dis-
placements from progressive settlement arising from
degradation of permatrost or creep deflections under
1
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load, from horizontal seasonal shri iKage a 1d expar-
n

1
cansed bv temnerature r‘kanana
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flow, or slide of material on slopes. Heave may also oc-
cur on a nonseasonal basis if there is progressive freez-
ing in the foundation, as under a refrigerated building
or storage tank. If the subsurface conditions, moisture
avaxlabnhty, trost penetratlon, 1mposed loading, or
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damage jamming of doors and wrndows shearr ng of
utilities, and problems with installed equipment.

(1) Frost-heave and thaw-settlement deforma-
tions.

{a) Frost heave acts in the same direction as the
hant flasy Aw namnan Al nilae. & u.- fonnmimee mlamna
licayv 11w Ul polpuauliculal Lo u Ireezin pmue

1
a horizontal surface will be

Vi ALV via: av

rectlv upward, but a vertical retaining wall may expe-
rience horizontal thrust. Foundation members, such as
footings, walls, piles, and anchors, may also be gripped
on their lateral surfaces and heaved by frost forces act-
ing in tangentral shear. F 1gure 18-5 shows an example
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timhor and steal nine nilag ractrainad againet ninward
ulioel afiG Siee: PIpe PLes resiraliieG againsi upwara
movement.

(b) In rivers, lakes, or coastal water bodies,
foundation members to which floating ice may adhere
may also be subject to important vertical forces as
water levels fluctuate.

avoid frost heave or thrust providing
bedment or other anchorage to resist movement under
the lifting forces; providing sufficient loading on the
foundation to counterbalance upward forces; isolating
toundatron members trom heave forces; battering or

vantage of natural heat losses from the facility to min-
imize adfreeze and frost heave; or cantilevering build-
ing attachments, e.g., porches and stairs, to its main
foundation.

(d) In permafrost areas, movement and distor-

tion caused Dy thaw of permalrost can be extreme ana

adversely affected by thaw. If damaging thaw settle-
ment should start, a mechanical refrlgeratlon system
may have to be installed in the foundation or a pro-
gram of continual jacking may have to be adopted for
Ieveling of the structure. Discontinuance or reduction
of Duucnng heat can also be effective. Detailed guid-

nnnnn e givenin TME_QE9 _A/ATLMQQ 10 (haonéaw A
dliCe IS giveli 1l 1ivi u 852-4/AFM 88- 17, vilapier 4.

(2) Creep deformatio
be carried on the unconfined Surface of ice- saturated
frozen soil without progressive deformation. The al-
lowable long-term loading increases greatly with
depth but may be limited by unacceptable creep defor-

matlon well short of the allowable stress 1eve1 deter-

underlymg frozen materlals to conservatively low
values; or place foundations at sufficient depth in the
ground so that creep is effectively minimized. Pile

k)

foundations are aes1gnea to not exceed sustainable ad-

ﬂﬂﬂﬂﬂ hand atrangthe In oall cacage analvsic ic haced an
1I1CCLT DUIIU dLITC lsula. 111 dli Lastd, dilalysid 1d badtu ull
nermafrost temnerature at the warmest time of the

t temperature at the w 1est time of the

pProiinaiii

1 4
year. For cases which requ
creep behavior, see T
4.

d. Vibration problems and seismic effects.
(1) Foundations supported on frozen ground may
be affected by high stress-type dynamic loadings, such
as shock loadings from high- yleld explosions, by lower

estimation of foundation
-4/AFM 88-19, Chapter

=
o

—~ PRUNPIS P s o A VUERYS PR Ry

stress pulse-type loadings as from earthquakes or im-
nante nr hu ralatively laur.etroce rolativelyu ]r\nr,"ro,
pa\,to, v UJ LCIG\:IVLIJ AV VY "O LI TOO, lC‘ﬂblVCAJ AUVYYTLLITC
quency, steady-state vibrations. In general, the same

procedures used for nonfrozen soil conditions are ap-
plicable to frozen soils. Design criteria are given in TM
5-809-10/AFM 88-3, Chapter 13; TM 5-856-4; TM
5-852-4/AFM 88-19, Chapter 4; and chapter 17 of
this manual These manuals also contain rererences to
ta on the general behavior and properties
vnamic load and discuss

'

e ge
1 soils under dynamic load and
types of labora ory and field tests available. However,
design criteria, test techniques, and methods of analy-
sis are not yet firmly established for engineering prob-
lems of dynamic loading of foundations. Therefore,

the Office, Chief of hngmeers, ATTN: DAEN-
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TM 5-818-1/AFM 88-3, Chap.?

proach and in planning field and laboratory tests.

(2) All design approaches require knowledge of
the response characteristics of the foundation mate-
rials, frozen or nonfrozen, under the particular load in-
volved. As dynamic loadings occur in a range of
stresses, frequencies, and types (shock, pulse, steady-
state vibrations, etc.), and the response of the soil var-
ies depending upon the load characteristics, the re-
quired data must be obtained from tests that produce
the same responses as the actual load. Different design
criteria are used for the different types of dynamic
loading, and different parameters are required. Such
properties as moduli, damping ability, and velocity of
propagation vary significantly with such factors as dy-

18-12

namic stress, strain, frequency, temperature, and soil
type and condition. TM 5-852-4/AFM 88-19, Chapter
4, discusses these properties for frozen ground.

e. Design criteria for various specific engineering
features. In addition to the basic considerations out-
lined in the preceding paragraphs of this chapter, the
design of foundations for frost and permafrost condi-
tions requires application of detailed criteria for spe-
cific engineering situations. Guidance for the design of
various specific features, construction consideration,
and monitoring of performance of foundation is pre-
sented in TM 5-852-4/AFM 88-19, Chapter 4.
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