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Settlement Performance of a Mat Foundation on 
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Geotechnical Engineer, McClelland Engineers, Houston, Texas 

Leo D. Handfelt 
Geotechnical Engineer, Dames and Moore, Hong Kong 

SYNOPSIS Previously reported settlements of structures founded on loess soils in the united states 
have been limited to cases of rapid deformation: the result of wetting and structural collapse. WhLle 
the possib~lity of subsidence is usually a consideration in design, when the potential for wetting 
does not exist, economics generally govern the use of a shallow foundation system; in which case an 
accurate prediction of settlement is required. Since most loess deposits occur as unsaturated sedi~ 
ments, the use of one-dimensional consolidation theory is not applicable to the problem of settlement 
prediction. 

In 1977, a circular mat foundation was constructed on typical subsident loess to support a water 
tank for a small town in eastern Iowa. Between 1977 and 1983, settlement observations were made to 
monitor the magnitude of deformation. Laboratory one-dimensional compression tests and triaxial 
stress path tests were condueced to provide a means to predict settlements. Unlike many structures 
which are monitored for settlement, a water tank allows an accurate measure of load, thus eliminating 
an important unknown. 

This paper compares the results of settlement measurements with a number of techniques to predict 
settlement. The results indicate a time-dependent behavior of deformation which must be considered 
creep in light of the current understanding of loess behavior. 

INTRODUCTION 

Accurate prediction of the deformation behavior 
of shallow foundation systems supported on un
saturated soil presents somewhat of a dilemma 
for foundation engineers who more often think of 
settlement as resulting from consolidation; 
i.e., decrease in moisture content with applied 
stress. Previously reported settlements of 
structures founded on loess soils in the u.s., 
e.g. Clevenger (1958), Peck and Ireland (1958), 
and Holtz and Hilf .(1961), have been limited to 
cases of rapid deformation as a result of the 
subsident behavior of this material. The meta
stable characteristic of loess soils is usually 
indicated by oedometer testing, where a rapid 
decrease in void ratio occurs when a sample is 
artificially wetted while maintaining a constant 
load (Holtz and Gibbs, 1951; Kezdi, 1974). This 
behavior generally has left geotechnical engi
neers with the impression that similar deforma
tion is likely to occur in the field so that 
the use of shallow foundations are for the most 
part considered inappropriate. 

While the possibility of subsidence is usually 
a consideration in design, when the potential 
for wett~ng does not exist economics generally 
favor the use of a shallow foundation system, 
in which case an accurate prediction of settle
ment is required. This paper presents results 
of several techniques for estimating settlement 
and compares the results with field performance 
of a s~ple mat foundation on unsaturated loess. 
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PROJECT AND SITE CHARACTERISTICS 

One of the largest variables influencing the 
comparison between prediction and observation 
in geotechnical engineering is the accurate 
estimation of applied field loads. For this 
reason, the structure chosen for study was a 
circular water standpipe located in east-central 
Iowa. A shallow foundation of reinforced con
crete was used and consisted of a circular mat 
8.4 m (27.5 ft) in diameter located 1.4 m 
(4.5 ft) below existing gound surface, thus 
necessitating a shallow excavation. The 18.3 m 
(60 ft) tall standpipe was made of steel plate 
and therefore the net dead load of the structuD9 
(dead load minus foundation excavation) is 
relatively small, 34.5 N (7.75 tons); the 
majority of additional load being exerted by 
the live load weight of water, 2060.6 N (463.1 
tons). The geometry of the foundation is such 
that the system was analyzed as a rigid mat, 
thus the settlement was assumed to be uniform, 
in lieu of nonuniform contact stresses. 

A schematic of the structure and subsurface soil 
conditions is shown in Figure 1. The soil 
profile at the site consists of 5.9 m (19.5 ft) 
of Peorian-age loess overlyin~ a rel~tively . 
thin, 0.9 m (3ft), glacial t~ll-der~ve~ bur~ed 
clay soil, underlain by d7nse glacial t~~l. 
Figure 2 shows this strat7graphy ~d bas~c geo
technical properties of s~te mater~als. 
Although slight v~riations in text~7 do.occur 
with depth in the loess the compos~t~on ~s 
considered uniform as would generally be 
expected in this area. The contact between the 
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loess and underlying materials is readily 
apparent. It is important to note that at the 
time of sampling, field moisture content was at 
or below the plastic limit in all cases, and 
that no static water table was encountered. 
The lack of free water is not surprising con
sidering that the site is located on a narrow 
upland drainage divide providing excellent 
surface and subsurface drainage conditions. 
Oxidized soil colors present within the loess 
indicate that limited moisture occurs at the 
site. 

The low density of the loess and corresponding 
low liquid limit values indicate that this 
material is considered prone to subsidence upon 
wetting (Gibbs and Bara, 1962). Calculated 
values of saturation moisture content, shown in 
Figure 2, are nearly all above the liquid limit; 
the criteria for collapsibility given by Handy 
(1973) for Iowa loess. This site falls into 
the 59-95% probability of collapse determined 
by Handy. 

18.311 (60ft) 

STANDPIPE 

_.SETTLEMENT 
~ POINT 

,,,,, .,, I' .,, ,, 

l.4m (4.Sft)l CONCRETE MAT 1 
f~'-1.---8-.4-m-(-27-.5-ft-l ---!.1 

1.5o (t-LAYER 1 

LOESS 

3.lm (lOft) LAYER 2 

,Jl)jj)j}}}}jjjj)j)}})jj)))))))jjj}j))) 
GLACIAL Till 

Figure 1. Foundation schematic of Oxford 
standpipe. 

SETTLEMENT PREDICTIONS 

Settlement predictions were made by several 
methods, however the assumptions used in each 
method were the same: 

(1) All deformations were assumed to take 
place within the loess, i.e., the glacial 
till was assumed incompressible, 

(2) The average contact stress was used in 
settlement calculations, 

(3) K0 = 1-sin $, ~ measured by Borehole Shear 
Test, 

(4) Poisson's Ratio 0.3. 

Settlement Predictions Using Oedometer Tests 

Undisturbed samples for oedometer testing were 
obtained at depths of 3. 7 m (12') and 4. 9 m 
(16') below ground surface. Kane (1973) has 
demonstrated that the shape of the e-log P 
curve for loess in eastern Iowa is highly 
dependent on initial moisture content. This is 
consistent with similar findings of Milovic 
(1969) for some European loess. Therefore, 
tests were conducted at natural moisture con~ 
in a fixed-ring consolidometer, using standard 
test procedures; i.e., 1 day load duration and 
load increment ratio = 1. Results of these two 
tests are shown in Figure 3. Each consoli
dation test was assumed to represent the 
behavior of arbitrarily selected layers shown 
in Figure 1. 
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Figure 2. Subsurface material characteristks. 
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Figure 3. Oedometer results on loess at 
natural moisture content. 

One-dimensional Consolidation 

10.0 

Settlement calculations based on conventional 
Terzaghi one-dimensional consolidation theory 
were not considered to be relevant in this case 
in view of the materials and site conditions. 
However, oedometer tests were performed for two 
reasons: (1) this test is still the most common 
test used by getoechnical consulting firms for 
calculating settlements and therefore the 
results are pertinent to practicing engineers; 
(2) even though it was considered unlikely that 
settlements would take place by consolidation, 
one-dimensional loading may be useful for 
applying either tangent or secant modulus for 
settlement analysis. 

The total settlement from conventional consoli
dation theory can be calculated from the 
standard equation as: 

(1) 

where Cc/l+e0 is taken from consolidation test 

results between initial and final loading, o~ 

is the initial effective vertical stress and 6o 
is the additional vertical stress. 

Tangent Modulus 

Based on work by Janbu (1963, 1964, 1969) the 
vertical stress-strain results from oedometer 
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testing can be used to define a value of soil 
compressibility, termed deformation modulus (M), 
and can be expressed as: 

M stress change do' 
strain change = de (2) 

The tangent modulus is not a constant but 
varies with vertical effective stress (Janbu, 
1969). Janbu developed the general expression 
for the value of M for all soils which can be 
stated as: 

M = moa 
cr' 1-a (-) 
cra 

where 

M 

m 

deformation modulus 

modulus number 

reference pressure (1 atmosphere, 
101.32 kPa) 

o' vertical effective stress 

a stress exponent. 

(3) 

Stress-strain data from the oedometer test on 
specimen 2 are shown in Figure 4. The tangent 
slope of the stress-strain curve M, was 
determined at increasing values of vertical 
effective stress and are shown plotted versus 
vertical effective stress in Figure 5. Since 
the loess typically has a high silt content and 
behaves more like a sand than a clay 
(Lutenegger, 1983) a power curve of the form of 

z: 

~ 
l
en 

12~------------------------~ 
Figure 4. Stress-strain data from oedometer 

test. 
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Figure 5. Deformation modulus vs. effective 
stress. 

Equation (3)was determined by least squares 
method to describe the relationship in Figure 5 
and is given as: 

M = 61.28 (4) 

with a correlation coefficient of 0.995. 

The strain at any given depth can be calculated 
by rearranging Equation (4) and integrating 
with respect to cr, giving: 

cr'+Licr' 
e: = Jo dcr• 

cr' M 
0 

(5) 

where cr; is the initial·vertical effective 

stress.· By combining Equations (3) and (5), 
the following expression for strain is derived: 

This equation is valid except for the special 
case where a = Q. 

Constrained Modulus 

(6) 

The secant modulus of the stress-strain curve in 
one-dimensional compression is defined as the 
constrained modulus (Lambe and Whitman, 1969). 
From the data of Figure 4, the value of con
strained modulus, D, can be determined by: 

and is taken between cr~ and cr~ + Llcr' from the 

oedometer data. It follows then from elastic 
theory that: 

(7) 

E = D(l + v) (1 2v) (8 ) 
(l - \1) 

Since compression is assumed to be one-di
mensional, e: 2 = e: 3 = o. Thus the unit vertic< 
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strain can be claculated from: 

and settlement from a layer of thickness z is 
calculated from: 

o = ze:: (] 

Stress Path 

The stress path method of estimating deforma
tions was developed and presented by Lambe 
(1964, 1967) and more recently has been 
reviewed by Lambe and Marr (1979) • This tech
nique involves following the stress path load
ing sequence computed by elastic theory as a 
result of the applied loads. Tests are 
performed in a triaxial cell so that both 
vertical and horizontal effective stresses car 
be controlled. Measured net vertical strains 
can then be used to estimate total settlement. 

Two samples were tested by this method, one 
obtained at a depth of 2.2 meters (7 ft) and 
another at a depth of 4.5 meters (14.5 ft). 
Samples were consolidated to their respective 
at-rest pressures using the calculated over
burden for vertical stress and the calculated 
value of K to obtain lateral stress. The 
vertical s~ress was then decreased to account 
for foundation excavation, during which time 
the lateral stress was held constant. Imposec 
stresses due to construction and subsequent 
loading to full static head of water were ther 
applied to each sample, based on elastic theor 
Stress paths for each sample are shown in 
Figure 6. 

COMPARISON OF RESULTS 

The observed settlement versus time data are 
shown in Figure 7. Long-term measurements dis 
play a decidedly time-dependent settlement 
behavior which must be attributed to unsatu
rated creep. The importance of such creep in 

N ..... 

Figure 6. 

STANDPIPE 
"~,....::~----CONSTRUCTION 

60 
{kPaJ 

80 

Stress paths used for settlement 
analysis. 
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sands has been previously noted and is accounted 
for as a log-linear decay by Schmertmann (1970) • 
The authors are not aware that this behavior has 
been described for unsaturated loess, however, 
owing to the low density of this material a 
tendency for creep might be anticipated. 
Settlement measurements obtained in 1981 and 
1983 would indicate that settlement is 
essentially complete. 

Settlement calculations based on the methods 
previously described gave varying results as 
summarized in Table I. The ratios of predicted 
to observed settlement from oedometer tests are 
generally within the acceptable limits of most 
routine investigations, particularly considering 
the magnitude of total settlement. However, it 
is of interest to note that the stress path 
technique considerably underestimated the actual 
settlement. We may speculate that the reason 
for this error may partially be accounted for ~ 
considering the amount of time that loads are 
held constant during loading in the triaxial 
cell. 
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Table I. comparison of observed and 
predicted settlement. 

Settlement Predicted 
Method Iliill (in.) Observed 

Observed 33 (1. 3) 1.0 

Predicted: 

Terzaghi 46 (1.8} 1.4 

Tangent Modulus 38.5 (1.5} 1.2 

Constrained Modulus 58.5 (2. 3) 1.8 

Stress Path 10.7 (0.4) 0.3 

During oedometer testing, the end of "primary" 
compression took place within the first half 
hour under all load increments. Following this, 
additional strain occurred prior to placement 
of the next load increment at 24 hours. Thus, 
settlement predictions from oedometer data 
reflect laboratory creep. By contrast, load 
increments during stress path testing were 
placed nearly continuously, in a step-wise 
fashion and so were held constant only a few 
seconds to obtain strain measurements. Thus, 
these data represent only immediate deformations 
which would occur in the field. 

As a check on this explanation we may note that 
settlement predictions made from the stress path 
method very closely match the observed 
"immediate" settlement as indicated by the first 
few data points of Figure 7. 

SUMMARY AND CONCLUSIONS 

Settlement observations made of a shallow rigid 
mat foundation on unsaturated loess were 
compared with four methods of predicting settle
ment. These methods were; (1) conventional one
dimensional consolidation theory; (2) tangent 
modulus method using oedometer test data; (3} 
constrained modulus using oedometer test data; 
and (4) stress path loading. The magnitude of 
total settlement observed, 33 mm (1.3 in.), is 
well Within the tolerance of the structure and 
was predicted most closely by the tangent 
modulus technique. Of those techniques applied, 
all but the stress path method overpredicted 
the observed settlement. 

Observations of actual settlement of the 
structure indicate a creep behavior for un
saturated loess. Oedometer tests conducted at 
natural moisture content and with a 1 day load 
duration appear to be appropriate for predicting 
such behavior, while stress path tests performed 
in the triaxial cell should be run for a longer 
period of time at design load to more accurately 
determine long-term settlements. 
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