DOES LATERAL STRESS REALLY INFLUENCE SETTLEMENT?

By Richard L. Handy,' Member, ASCE

ABSTRACT: Construction innovalions such as compaction grouting, the use of a reverse pitch section for
installing augercast piles, and the use of beveled rammers o compact rammed aggregate piers, all emphasize
the development of lateral in situ soil stress, The question posed herein is whether lateral siress in itself may
reduce settlement, aside from any influences through densification or increased skin friction. Stress paths for a
normally consolidated soil that is laterally siressed to the passive limit, then vertically loaded, gives a sequence
of Mohr circles that indicates a shift from consolidating 1o near-linear-elastic bebavior. The change requires and
appears to depend on reversals in the directions of intergranular friction, As these reversals should occur with
very little strain, they do not require that the soil be significantly compacted. Excess pore pressures that may
develop should be relieved with the aggregate pier method of soil reinforcement. The reinforced soil layer should
distribute stresses to the underlying soil in a manner that is similar to the action of a highway base course.

INTRODUCTION

Tapered displacement piles, pressure-injected piles, com-
paction grouting, the addition of a reverse pitch section 10
augers installing augercast pile, stone columns, and the intro-
duction of short aggregate piers compacted by ramming {Geo-
pier soil reinforcement), tend to increase lateral stresses in
soils, The intent is to increase pile skin friction and densify
the adjacent soil, but what of the influence of the lateral stress
itself? Does lateral stress influence foundation settlement, and
if so, how? This possibility was suggested when setflement
measurements of buildings on soils reinforced with short ag-
gregate piers were much less than anticipated from conven-
tional consolidation theory (Lawton et al. 1994).

REVIEW
K, Shear Envelopes

Rankine theory indicates that the vertical-to-lateral effective
stress ratio that will canse shear Tailure of soil under a hori-
zontal surface is

I — sin
K =—"-

. i1
I + sin ¢’ :

where K, = coefficient of active earth pressure: and &' = angle
of internal friction on an effective stress basis, This relation-
ship defines linear failure envelopes that are inclined =’
from horizontal (Fig. 1)

K, Consolidation Envelopes

A constant stress ratio realized during nascent consolidation
describes envelopes similar to shear envelopes but lower. By
definition in a normally consolidated soil. that is, a soil that
has consolidated to equilibrium under the existing weight of
overburden

)
Ko=— (2
(rl.l
where ) and o' = horizontal and vertical effective siresses,

respectively, A common estimator for K, is the Jiky equation
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Eq. {3) may be used 1o define consolidation envelopes that are
inclined at +B" from horizontal (Fig. 1%

The slope of the consolidation envelope may be determined
it the same manner as the slope of the shear envelope pre-
sented in most soil mechanics extbooks
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Combining (2)—(4) gives

B = sint 4 (5)
T — sin

As long as the respective Ks are constant, both the shear and
consolidation envelopes extrapolate through the origin regard-
less of whether the soil is granular or cohesive (Lambe and
Whitman 1969). Thus, the analysis presented below should
apply equally to fine-grained and (o granular soils, Some rep-
resentative solutions for (3) are as follows, [ (deg), B
(deg)]: [0, 0]: [5, 2.61]; [10. 5.46]; [15, 8.55]; [20, 11.9]; [30
15.5]; and [40, 19.5].

Consolidation stress path EF
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FIG. 1. Mohr Circle Sequence and Stress Path EF during Normal Com
solidation
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FIG. 2. Mohr Circle Sequence and Stress Path SO0 Beductons in
Vertical Stress Create Overconsolidated Soal

Stress Parh during Conselidation

An increase in vertical stress that causes a soil to consolidate
sives a proporlionate increase in horizontal stress so that the
Maohr circle remaing Langent w the consolidation envelope, ac-
cording o stress path £F in Fig. 1

Stress Paths during Unloading and Reloading

A reduction in vertical stress leaves the horizontal stress
mostly intact {(Mayne and Kulhawy 1982), und therefore ap-
proximately follows stress path #G in Fig, 2. On reloading,
the path approximately reverses along path GF. Because the
sobl behavior during unloading and reloading up 1w the pre-
consolidation pressure is near-linear-elastic, the stress zone en-
closed by the consolidation envelopes will be referred woas
the near-linear-clastic zone. Because unloading may extend the
stress path past the consolidation envelope inte an area be-
tween the consolidation and shear envelopes, this is referred
to as the extended near-linear-elastic zone, or simply the ex-
tended zone.

CONSOLIDATING VERSUS NEAR-LINEAR-ELASTIC
SOIL BEHAVIOR

Ideal elastic behavior 15 seldom realized in soils, probably
hecause of localized slippage from stress concentrations within
a s0il mass. Nevertheless, the physical significance of consol-
wlation compared with near-linear-elastic behavior 15 that dur-
ing consolidation virtwally all soil grains become irreversibly
rearranged by shipping and rolling over one another; whereas
during near-linear-clastic expansion or recompression, they do
not. Thus during consalidation, instead of strain being approx-
imalely proportional 1o stress as in the elastic case, strain is
more nearly proporticnal (o the logarithm of stress as the soil
densifies and the modulus increases. The increase 15 permanent
as long as the sol structure remaing intact.

Mear-Linear-Elastic Befwivior and Foundation Design

Mear-linear-clastic response is frequently relied upon 1o
mimimize sertlement in conservative Toundation design by
making distributed foundation pressures equal o or less than
preconsolidation pressures al all depths, This procedure 15 par-
ticularly appropriate for sensitive clays that must be guarded
againat loss of strength from localized incipient shearing,

HIGH LATERAL STRESS AS NATURAL
SOIL CONDITION

5 previously mentioned and as shoswn in Fig, 2, overcon-
As pre Iy mentioned and hown in Fig, 2, avercon

solidation leaves horizontal stress close tooa level that is con-
sistent with the preconsolidation pressure. Field tesrs made
during development of the K, stepped blade showed that most
soils are at least slightly overconsolidated (Handy et al, 1990)
as i consequence of unloading through erosion, buoyancy
fromm a rise in the level of the ground-water table, glacial pre-
loading, and dessication shrinkage of expansive clays. Even
though expansive clays are overconsolidated Trom withing at-
tributable o very high negative pore pressures developed upon
drying, they can exhibit lateral stresses up 1o the passive limit
from development of vertical shrinkage cracks hy crack filling
and reexpansion.

Chverconsolidation Ratio Nor Constant with Depih

The overconsolidation ratio (OCR) represents the ratio be-
tween preconsolidation and overburden pressures, and in an
overconsolidated soil deposit varies with depth, becoming in-
finite at the ground surface, Thus the OCR, while appropriate
for describing the degree of overconsolidation of individoal
soil samples. does not describe the degree of overcansolidation
af a soil deposit unless a depth or overburden pressure are
specified, and an alternative measure has heen sugpested.

MECHANICALLY INDUCED HIGH LATERAL
STRESSES

Vertical Compaction

Mechanical compaction in effect overconsolidates soil so
future loading will be in the near-linear-elastic zone.

Haorvizontal Strexs from Compaction Crrouting

Lateral stresses developed  during  compaction grouting
equal grout pressures at the points of injection, which normally
are less than the overburden pressure o prevent uplift or vent-
ing, That being the case, compaction grouting may be expected
to develop o maximum K, of 10,

Harvizemial Stress near Displacement Pile

High lateral stresses develop close o driven piles (Handy
et al. 19900 A simulaneous increase in radial stress and re-
duction in tangential stress encourages sheuring and develop-
ment of a passive condition,

Hovizenial Strexs near Rammed Aggrepare Piers

measured close o and between rammed aggregate piers, The
total energy input is comparable to that from deep dynamic
compaction by repeatedly lifting and dropping a heavy weight,
but is evenly distributed through the length of the piers instead
ol being applied @ the ground surface (Handy et al. 19997,
Pullout measurements of the piers show a near-linear-elastic
response that was an early clue that there might be a funda-
mental change in the soil behavior

FOUNDATION SETTLEMENT AND LATERAL STRESS

Strexs Path to Reduce Sertiement

Lateral stress imposed on a normally consolidated soil gives
stress path AR in Fig. 3, and can proceed as high as the passive
limit. Subsequent foundation loading then follows a stress path
B which is in the near-linear-elastic zone. At © the Mohr
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circle intersects the consolidation envelope, ending the ex-
panded near-linear-elastic response and initiating consolida-
tion. Foundation loads on a normally consolidated soil con-
fined by high lateral stress therefore should elicit a
near-linear-elastic response instead of immediately initiating
consolidation.

The theoretical maximum vertical siress before consolida-
tion can begin is oblained from definitions of K, = H./V, and
K, = H,/V, (Fig. 3), where H and V represent horizontal and
vertical stresses and the subscripts denote before-and-after
loading. Selving each for H,; and equating gives

V. K,

T (o)
where V., = vertical effective stress required for consolidation;
V) is in situ vertical effective stress or overburden pressure;
and K, = passive coefficient, which is the reciprocal of K,
[(1}]. The ratio Vo'V, may be defined as a reinforcement factor
K, that represents the maximum benefit attainable with a nor-
mally consolidated soil
L (7

{1 — =sin ")

A high initial lateral stress gives a “head start” deferring
consolidation to a higher stress level, but the relationships still
apply. For example, Saye (1984) reported reduced settlements
of grain elevators supported on a desiccated expansive clay
crust. Some representative solutions for (7) for a normally con-
solidated soil are as follows, [&" (deg), K]: [0, O]; [3, 1.3];
[10, 1.71; [15, 2.3]; [20, 3.1]; [25, 4.3]; [30, 6.0]; and [40,
12.9]. Thus, for the normally consolidated soil of Fig, 3 with
a friction angle of 25° subjected to passive lateral stress, the
overburden pressure at any depth may be exceeded by a factor
of 4.3 before consolidation can begin, Without the additional
lateral stress, consolidation settlement would initiate as soon
as an additional load is applied.

A similar expression including soil cohesion may be devel-
oped by adding the intrinsic stress a' = ¢’ cot ¢ to the applied
normal stresses, where of represents the cohesion on an effec-
tive stress hasis. However, soils stressed and remolded to the
passive limit temporarily have little cohesion, so the cohesion
that develops through time may be regarded as giving an ad-
ditional margin for safety.

Compaction Gronting

In compaction grouting a stiff, nonpenetrating grout is used
in order to displace instead of permeate the soil. Because as
previously mentioned the maximum K to aveid uplift is 1.0,
stress path AR in Fig. 3 stops at the horizontal axis, and the
center circle in Fig, 3 reduces to a point. The maximum re-
inforcement ratio becomes

K.=(1 —sing' (87

Thus if ¢ = 25° the maximum reinforcement factor is 1.7,
compared with 4.3 if the lateral stress were to be increased to
the passive limit,

Influence on e-log p Relationship

As a high horizontal stress must defer consolidation to a
higher value of vertical stress, the preconsolidation pressure
must be displaced to the right on a plot of void ratio versus
logarithm of pressure, similar to the action of a weak cemen-
tation. This behavior, which appears to previously have been
overlooked, will not be revealed in conventional laboratory
odometer or triaxial testing that does not apply high lateral
stress before vertical loading.

Simulated Base Course

A stress-reinforced surficial layer that behaves near-lincar-
elastically under load is analogous to a highway base course
that behaves near-linear-clastically o distribute loads to un-
derlying less competent soils.

{f Lateral Stress {5y Relieved

What if the lateral stress is relieved at some future time, as
by excavation close to a stress-reinforced layer? The same
guestion, of course, applies to friction pile: If lateral stress is
somehow relieved, does that reduce the friction? The most
obvious answer is not to relieve lateral stress, particularly in
the early life of a foundation. Gains in soil strength with time,
even of sandy soils (Schmertmann, 19700, tend to reduce this
danger.

Undraimed Conditions

In an ideal undrained situation with a friction angle of zero
and the soil at incipient failure, the analogous chain of Mohr
circles gives

d. 1+ . (4
F - VI
where ¢ = cohesion on a total stress basis: V) = ininal vertical
stress; and the limiting condition is not consolidation but shear
failure, Thus it appears that settlement of structures on sofi,
saturated clays may be reduced by lateral stressing.

KEY ROLE OF FRICTION REVERSAL

The conventional notation for shear directions is shown in
Fig. 3, where data plotting above the horizontal axis denoles
counterclockwise shear. A simple model illustrating this is
shown in Fig. 4, where the top diagram shows shear directions
and contact friction in a normally consolidated soil. Here, [ric-
tion acts in support of the higher vertical load, and supplies a
reason [or horizontal stress being lower than vertical stress in
a normally consolidated particulate medium. With the appli-
cation of horizontal stress as the stress path crosses the X-axis,
shear directions are reversed, and as shown in the middle di-
agram contact friction acts o oppose the increased horizontal
stress, In the bottom diagram when a foundation load is ap-
plied and the stress path again crosses the X-axis, shear diree-
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FIG. 3. Increasing Horizontal Stress on Normally Consolidated Sl
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tions again are reversed, and. as in the case of the nermally
consolidated soil, consolidation can begin only when the ver-
tical stress is sufficient to overcome the frictional resistance.

Significantly, friction reversals can occur with very little
strain and consequent development of excess pore pressure.
An analogy is a brick on a board: As the board is tilted one
way or the other, the direction of friction between the brick
and the board reverses but the brick does not move, This sug-
gests that compaction is not required in order to reverse [rie-
tional restraints, and without compaction excess pore water
pressures should be negligible, Excess pore pressures that do
develop may be relieved by air voids in aggregate piers or
columns,

CONCLUSION

Arguments based on soil mechanics give a somewhat sur-
prising result that high lateral stress can defer consolidation

settlement to a substantially higher foundation load. without
any influence from densification of the soil and without nec-
essarily increasing the pore water pressure. A stress-reinforced
layer should exhibit near-linear-elastic hehavior analogous o
that of a highway base course, It should be emphasized that
the reinforcement factor is fully developed only in soil that
has been horizontally stressed to the passive limit, as where
the reinforcing elements are closely spaced in lines or in
BrOUpPS.

REFERENCES

Hendy, R L., Fox, ™, S, and Wissman, B3 1999 “Shart aggrezate
piers reinforce soils near tnnels.” Ceo-prgineering for undergrognd
facilities, Grotech, Spec. Publ, No, 90, ASCE. Reston, S, 10301047,

Handy, B, L., Mings, C.. Retz, D, and Eichner, D. (1990 “Field ex-
perience with the K, stepped blade,™ Transp. Res, Ree, 1278, Trans
poriation Research Board, Washington, DO 125-134.

Lambe, T. W, and Whitman, B, V. (19690 Soil mechanics, Wiley, New
Yaork

Lawton, B Fox, N, 5., and Handy, B L. (19%94). “Control of setlement
and uplift of structures using short aggregate piers.” fi st deep soil
improventent, Geetecl, Spee, Puabl, Noo 45, Mew York, ASCE, 121-
[32

Mayne, P W, and Kulhpwy, FH. (19820, *K-OCR relationships in soil.”
J Geareck, Engre. Div, ASCE, [O8(6), B5]-871

Save, 5. B (19840 “Settlement of three grain tanks on alluvial soils
cxhibiting dessication profiles.” Proc, fae Confl on Cose Histories in
Geotech, Eagre., Vol. ITIL Univ. of Missouri at Rolla, 1033- 1039

Sehmertmann, J. H, (19700, “Salic cone o compute static scitlement
over sand. ™ L Sail Mech, and Found Div, ASCE, B603), 1011=1043.

NOTATION

The following svmbels are wsed fn this paper:

e o' = cohesion on total siress and effective stress basis, respec-
tively;
H, = horieoniz] effective stress in normally consolidated soil;

H. = enhanced horizontal effective stress;

K, = coellicient of active earth pressure;

K, = coefficient of passive earth pressure;

K. = reinforcement factor or ratio of V.V

K, = coefficient of carth pressures at rest:

V, = effective overburden stress;

V., = vertical effcctive stress required to initiate consolidation
in stress-reinforced soil:

BT = slope of consolidation envelope:

" = angle of imernal friction on effective stress basis and
slope of Tailure envelope;

) = horizontal effective stress: and

a, = verlical effective siress,
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