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Elastic Settlements
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1. The Schmertmann (1970) Procedure.

In 1970, John H. Schmertmann of the University of Florida proposed a new procedure
for estimating the elastic, or initial settlement of a shallow foundations on granular
soils. Although empirical, the procedure hasarational basisin the theory of elasticity,
finite element analyses, and observations from field measurements and laboratory
model studies. Theoretical analysesindicated that in granular soils approximately 90%
of the elastic settlement £H; was confined within a depth equal to twice the footing width
B. In addition, the maximum strain contribution to the settlement (or strain 8 was
observed at a depth of about one half the footing width B and had a maximum value of
0.6, asshown in Figure 1. Schmertmann suggested the use of a simplifying influence

factor I, derived from therelation, E= [/ =[q,/( /d2)] (I,)
Or, |, =( /d2) (E/q,)

Thissimplification neglectsthe strain in the sand at itsinterface with the footing,
which is satisfactory for medium to dense sands (Figure 2). However, experience
indicates that the settlement immediately beneath the footing may be important in
loose to medium sands, and an alter nate influence factor distribution is proposed in
Figure 3, which providesa strain of 0.1(E/q,) at the interface. The computation of the
settlement in the layered soilsinvolvesintegration of the strain of each stratato a depth
of twicethe footing width. In addition, two correction factorsare included: C, which
consider s the depth of embedment D; to reduce settlement, and C, to account for creep
during atime period t, which will increase the settlement.
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FIGURE 5—5. SIMPLIFIED STRAIN DISTRIBUTION BENEATH A FOOTING ON GRANULAR SOIL.

Figure 1. Typical strain distribution beneath a footing upon granular soil
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Theelastic settlement  H, isthusgiven by,

2B

H=CC,(qg,— D) (I,/E)dz
0
whereC,=1-[ (0.5 D;)/(g,— D;)] ® 0.50
andC,=1+02log(t,/01) 3 135

The necessity of using the creep correction factor C, has not been absolutely
established. On the one hand, some structures on sand have been observed to settle an
additional 5% to 25% of theoriginal "initial" settlement during a period of fiveyears.
On the other hand, other structuresindicate that settlement occursonly during the
construction period, and is not time dependent.

To be conservative, the creep factor may beincluded as a safety factor for compressible
soil inclusions, such asclay seams, or related to unidentified loads, such as dynamic
loads.

Figure 4 showstherelation of the creep correction factor C, with respect to time.
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Figure4. Creep Correction Factor C,




The determination of the soil elastic modulus E in thefield requires equipment which
iIsnot commonly available. A preliminary estimate can use Tablel,

TABLE |
Correlation of Cone Resistance d, to Standard Penetration N

Soil Type *d./N
Silts, sandy silts, slightly cohesive silt-sand mixtures 2.0
Clean fine to medium sands and slightly silty sands 3.5
Coarse sand and sand with little gravel 5.0
Sandy sands and gravel 6.0

* Estimate with both g, and E in kg/cm? (1 kg/cm? = 1 tsf approximately)

Figure 5 on the next slide shows a direct correlation of computed elastic modulii E and
standard penetrations N for over 60 steel plate load tests. Theresulting trend of the
data indicates an increase of elastic modulii with standard penetration N (with only five
data pointsfalling outside theline).
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The equivalent Modulus of Elasticity EE for three soil layers).

hd Er+ hod Exthed Es E

it hoths

Ee=

For example, what isthe equivalent modulus of three descending soil stratum with modulii of
50,000 ksf, 125,000 ksf, and 200,000 ksf, and thicknesses 15 ft, 10 ft, and 12 ft respectively?

103/125000 + 15350000 + 123/200000
10+ 15+ 12

)’ = 61,220 ksf

Eeq= (

NB: If morethan 3 layersneed to be considered, combine into groups of three and iterate.



2. Alternate Method of Estimating the Elastic Settlement.

An estimate of the elastic settlement  H, isbased on an equivalent modulus E,
_15q,r
° E

€]

DH

(x12 for settlement ininches)

where g, isthe average footing contact pressure (in ksf), r istheradius of an equivalent circular
footing of the same area asthe rectangular footing (in feet).



Estimating the Footing’s Tilt (both Transverse and L ongitudinal).

For example, estimate the horizontal translation of a point 31 feet above the base of a foundation
with a transverse moment M+ in the direction of dimension L using E, soil modulus,

(1'/72)|\/| el
31x12)f = 7 %(31x12
( ) AWE. ( )

whereall unitsarekip-ft, v = Poisson's Ratio (for example, 0.25), M = moment, E, = equivalent
modulusand | =from the Table below.

TABLE of VALUESOF | (from Lee, 1963; Whitman and Richard, 1967)

For L/B  0.10 0.20 0.50 1.00 1.50 2.00 4.00

| = 1.99 2.29 3.03 3.70 412 4.38 5.10




Example: Deter mine the elastic settlement of the 3 ft by 3 ft shallow footing shown below after
fiveyears. The soil isa clean quartz sand witha = 110 pcf.

Solution: Noticethat the SPTsare so low that thisis aloose sand.

Q = 64 kips
DEPTH | STD. PENET.
o |
N=4
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The contact pressure g,= Q/B2 = 64 kips/(9')? = 7.11 ksf, and the STP value indicates a
loose sand. The modulus E for sand can be found from the relation Eq = 10(N+15) ksf.

Layer No. Layer Thickness Average SPT N Soil Modulus Es at mid-stratum z/ Es
zinfeet (ksf) (ft3kip)

1 15 6 210 0.35 0.0025
2 4.5 7 220 0.30 0.0061

= 0.0086

0. 05(0.110)(4
Cl =1- 59Df =]1- ( ) ( =097/>05 OK
(0,- 9D ) 7.11- (0.110)(4)

C,=1+0.2log ers =1+0.2log Ry Y
' 0.1 ' 01

Thetotd sttleament isDH,

2B

DH=CG(q,- 9D, éDz:(O.97)(1.34) 7.11- (0.110)(4) (0.0086) =0.075t =0.90in

0



Example: Most of Miami’saerial rapid transit system isfounded on shallow footings as shown
below. Estimate, using the Schmertmann’s method, a) the settlement of each pier shown (ignore
punching shear), and b) the differential settlement between each pier, and c) isthat differential

acceptable if you use D(D)/span < 1/300 asacriterion?

Step 1. Lay out the strata depth versusthe strain graph.

DOUBLE-TEE GIRDER DL+ LL = 1130 kips

— SPAN 800 @———————————————=]

D x 1o LA AL 12 x 167 K

Limestone E = 125,000 ksf

20

L oose sand B = 5,000 ksf

) 132 pcf Sandstone E = 200,000 kst
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Step 2: Use Schmertmann’s expression for elastic settlement D, =C,C,(q,- ¢D;) (I,/E)D,

0

Layer DZ (feet) E, (ksf) l, | Z/E(ft3/Kips)
1 6 125,000 0.30 0.000014
2 1 125,000 0.57 0.000005
3 15 5,000 0.33 0.001000
4 2 200,000 0.05 0.000000

S =0.001019
5 2 125,000 0.10 0.000002
6 4 5,000 0.41 0.000300
7 16 5,000 0.31 0.001000
8 2 200,000 0.05 0.000000

S =0.001302




Step 3: Calculate the embedment and creep coefficients:

Embedment coeff. C; = 1- [(0.50D5)/(q, - IP;)] = 1- [(0.5 x 0.130 x 3)/((1150/12x16)- 0.130 x 3) = 0.965
Creep coefficient C, = 1.35 (for t=5 years)

Step 4. Calculate the settlementsunder piers A and B,

DA = (0.965)(1.35)(5.61)(0.001019)(12) = 0.089 in.
DB = (0.965)(1.35)(5.61)(0.001302)(12) = 0.114 in.

Step 5: Thedifferential settlement D(De) is,
D(D,) = DB - DA = (0.114-0.089) = 0.025in.
Step 6: Check against criterionthat D( De) / span < 1/300

0.025 inches/ (80 feet x 12 inches/feet) =1/38,400 < 1/300 Good



3. Dilatometer Methods.

Schmertmann (1986) described an alterative method of computing foundation settlement based on

theresults of dilatometer (DM T) tests. The procedureisfor one-dimensional compression and uses
correlationsof DM T determined parametersto obtain the constrained (one-dimensional) modulus
M. Comparison with theresults of a number of full-scale settlement measurementsindicates quite

good predictions.

Leonard’sand Frost (1988) take a somewhat different approach to the prediction of settlements of
shallow foundations utilizing the DM T. The advantages of their method ar e that the dilatometer
modulus E is used directly and possible prestress effects are taken car e of by considering the E,/
g. ratiosfor the deposit. Thus, it ispossible to avoid large over -predictions when the possibility of
prestressisnot appropriately consider ed.

4. SPT Methods.

Asnoted by Bellotti et al. (1986), there are significant disadvantagesto using the SPT, CPT, or
DMT because of the differencesin modulii as deter mined for nor mally consolidated ver sus over
consolidated sands. These devices only are modestly sensitiveto stress and the strain history of the
sands. It may be better torefer to the correlations between some aver age values of the penetration
resistance and the settlement of actual foundationsrather than to use direct single correlations
between individual values of N (STP) and the modulii in granular soils. Thiswasthe approach
taken by Burland and Burbidge (1985), who developed an indirect method based on an extensive
review of more than 200 case histories of the settlement of shallow foundations, tanks, and
embankments on sands and gravels. M ost of the subsurface infor mation was average SPT blow
counts, but some CPT resultswere available.



Distortion Settlement and Contact Stress.

Distortion settlement occur s because of a change in shape of the soil mass. The shape of the deflected
soil profile depends on whether the soil is predominantly cohesive or granular and whether the
loaded areaisrigid or flexible. The possibilities are shown in Figure 5. In the case of rigid
foundations, the settlements produced ar e of cour se unifor m, wher eas the contact stress
distributionsunder the foundations are very non-unifor m.

In the case of cohesive soils, at the outer edges of arigid foundation on a perfectly elastic soil, the
stressisinfinite. I n actuality, asshown in Figure5, it islimited by the shear strength of the soil. With
rigid footings on granular materials, because the confinement isless at the outer edges, thestressis
also less. For avery wide footing on granular material, settlement would be fairly uniform; near the
middle of the mat the contact stress also would be quite uniform.

As expected, the contact stressdistribution for a flexible loaded areaisalso uniform, but the
settlement profiles are quite different, depending on whether the soil iscohesive or granular. These
cases are shown in Figure 5. In the case of cohesive soils, which include saturated clays and many
rocks, the surface will deform in a shapethat is concave upward.

The shape of the settlement profile on a granular material is exactly the opposite, concave
downwar d, again because the confining stress near the edges of the footing islower than in the
center. If the sand is confined, it has a higher modulusthan at the edges, which meansthat thereis
less settlement in the center than at the edges. If the flexible loaded area isvery large, then the
settlements near the center of thearea arerelatively uniform and less at the edge. Contact stress
distributions are important for the design of foundations and footings.



Elastic distortion or immediate sefttlement (_H;).

For soilsthat are predominately cohesive, thelinear theory of elasticity isused to estimate the
magnitude of initial settlements. Soil profiles aretypically ssmplified, although some solutions
involving multiple layer theory are available.

Homogeneity and isotropy areimplicitly assumed so that only two elastic parameters, the modulus

of elasticity E and Poisson'sratio areneeded. This approach wor ks reasonably well on clay soils
If theapplied stresslevel islow; that is, if the factor of safety islarge and we do not have plastic
yielding in the foundation.

In many foundations on cohesive soils, theimmediate or distortion settlement isarelatively small
part of thetotal vertical movement and, thus, rough estimates ar e acceptable.



