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SETTLEMENT OF SHALLOW FOOTINGS ON SAND: REPORT AND USER' 

Fv p 

PART I: REPORT OVERVIEW 

Introduction 

1. This report explains the use and background of the computer program 

CSANDSET, CORPS Library Program 10030. CSANDSET computes predictions of set- 

tlement for a loaded footing founded on sand. The footings of concern are 

wshallow* foundations, those where the depth of embedment is less than or 

equal to the width of the footing. There are many methods presented in liter- 

ature and textbooks for predicting the settlement of shallow foundations on 

sand. Depending upon which method is used, this calculation can be a very 

simple one or can be moderately complex, and the resulting prediction can 

differ greatly. Fifteen of the many methods available for predicting settle- 

ment on sand are covered in this report. The methods are: 

a. Terzaghi and Peck (1948, 1967). 

b. Teng (1962). 

c. Alpan (1964). - 
d. Elastic Theory. - 
2. D'Appolonia, D'Appolonia, and Brissette (1968). 

f. D'Appolonia, D'Appolonia, and Brissette (1970). 

g. Peck and Bazaraa (1969). 

h. Schmertmann (1970). 

A .  Schmertmann, Martman, and Brown (1978). 

j. Schultze and Sherif (1973). 

k. Heyerhof (1974). 

1. Peck, Hanson, and Thornburn (1974). 

m. Bowles (1977, 1982). 

11.. Oweis (1979). 

2 .  NAVFAC DM 7.1 (Department of Navy 1982). 



gur~ose of CSANDSET 

2 .  Based on experience, an engineer may prefer one method over another 

for its reliability in predicting settlement for the types of footings or the 

region where he works. The purposr :jf this report is not to tell the engineer 

which method to use, but to present procedures and backgrounds so that the 

reader can make an engineering judgment of each. 

The objectives of the CSANDSET project are: 

8.  To present and describe some of the various methods found in 
engineering publications for computing the settlement of shallow 
foundations on sand. 

B. To develop an easily usable computer program which computes 
settlement according to the methods in consideration. 

E. To provide a brief theoretical background of various aspects 
involved in the settlement of shallow foundations on sand for 
the reader's use in assessing each method. 

4 ,  Part I1 of this report discusses the chaoretical background of sand- 

seetaemant computation. Factors and variables affecting settlement are pre- 

sented, Correction factors found with the different methods of settlement 

computation are explained and compared. 

5 -  The 15 settlement procedures chosen for study are described in 

Pare $11, For each of the methods, the background, the procedure, and all 

related equations and figures are presented. 

6. Part IV describes the computer program CSANDSET. Special program- 

ming considerations of some of the settlement methods are discussed, and data 

entry for both interactive and data file input are explained. 

7. Appendix A shows three example problems which have been worked by 

hand for each of the 15 settlement methods. These hand results are compared 

to CSANDSET results for verification of the program. 



PART 11: SETTLEMENT THEORY AND CALCULATION 

8 .  The unanticipated settlement of a structure, whether total or $if- 

ferential, can have devastating effects on its performance. Settlement of the 

foundation must be accurately accounted for in foundation design. It is 

important to determine the magnitude of foundation settlement to assess and 

control differential movements or movements caused'by changes in the loading 

or soil conditions. 

9 .  Consolidation settlement of structures founded on clay-type soils is 

very slow. Terzaghi's one-dimensional consolidation theory is usually applied 

in engineering design for settlement predictions of clay. For structures 

founded on sand, settlement is relatively quick, often complete by the end of 

the construction period. Many different methods have been developed to calcu- 

late the settlement of a shallow foundation on sand, Most of these procedures 

are straightforward and involve brief computations. The difficulty comes in 

choosing the procedure to use. This part presents the basis of the theoreti- 

cal computation of settlement on sand. Factors that affect settlement and the 

variables involved will be discussed so that a background for the methods 

presented in Part 111 is established. 

10. Settlement is inversely related to bearing capacity in the design 

and analysis of shallow foundations on sand. The key variables in these rela- 

tions are the relative density of the soil, the footing width, and the magni- 

tude of the load. 

pelative density 

11. Relative density is the degree of compactness of a sand deposit 

relative to its fully compacted state, as measured by the void ratio. In 

general, the magnitude of a footing settlement is inversely proportional to 

the relative density of the sand on which it is founded. Relative density was 

described in terms of the SPT (Standard Penetration Test) blowcount by Terza- 

ghi and Peck (1948). This relation is shown in Table 1. Gibbs and Holtz 

(1957) expanded on this relation using results from laboratory tests in work 

at the United States Bureau of Reclamation (USBR). They showed the relation- 

ship of the blowcount to the overburden pressure at which the SPT was per- 

formed. They produced the well-known family of curves shown in Figure 1. 

9 



TABLE 1. Correlation of Relative Density with SPT Blowcount 

Figure 1. Relationship between SPT 
blowcount, relative density, and over- 
burden pressure (Gibbs and Holtz 1957) 
(Permission to reprint granted by 

W. G. Holtz) 

Relative Density 

SPT Blowcount Value 

Others (Bazaraa (1967); Schultze and Menzenbach (1961); Marcuson and Bieganou- 

sky (1977a,b)) have also developed correlations between these variables. 

Another interpretation by Das (1985) is shown in Table 2. 

Very Loose Loose Medium Dense Very Dense 

0 - 4 4 - 10 10 - 30 30 - 50 > 50 

12. The relationship between settlement and footing width was described 

(After Terzaghi and Peck 1948. Numerbal ranges for relative density not provided.) 

by Terzaghi and Peck (1948) from the results of numerous load tests on sand. 

This is shown in Figure 2. For the same load on the same soil, the 



Table 2. Approximate Relation Between B l o w ~ O ~ n t ,  
Relative Density, and Friction Angle for Sand 

L 

Corrected Relative Internal Friction 
SPT Blowcount Density (%) Angle, (degrees) 

0 - 5  0 - 5  26 - 30 
5 - 10 5 - 30 28 - 35 

10 - 30 30 - 60 35 - 42 

30 - 50 60 - 95 38 - 46 

(after Das 1985) 

Figure 2. Relationships between 
footing width, B , and ratio of 
footing settlement to settlement 
of 1-ft square plate under same 
load on sand (Terzaghi and Peck 
1948) (Permission to reprint 

granted by Ralph B. Peck) 



settlement, S ,* is related to the square of the footing width. B , through 

the settlement of a 1-ft square plate, S1 , by: 

13. Some form of this relation is applied in many.of the different 

settlement-computing methods. 

lied load 

14. The magnitude of settlement is also directly proportional to the 

magnitude of the applied load up to the allowable bearing pressure, with all 

else constant. Loads above the allowable pressure will eventually cause fail- 

ure, either in bearing, in settlement, or both, depending on the definition of 

failure for each case. 

Settlement Models 

2 5 .  Most of the settlement methods can be placed within one of two cat- 

egories; some are modeled after the Terzaghi and Peck (1948) bearing capacity 

and settlement-footing width relationship, and others are modeled after elas- 

ticity methods. A few methods combine some aspects of both. The backgrounds 

for both the Terzaghi-based settlement mech~ds and elastic-based setslement 

methods are described briefly. 

Terzaehi-based settlement 

1 6 -  Based on the relations discussed in paragraph 12 and from experi- 

ence wfbh footings on sand, Terzaghi and Peck (1948) developed the well-known 

design chart, Figure 3, for estimating allowable bearing pressures fox shallow 

foundaefons on sand using blowcount and footing width, These design curves 

correspond to a maximum footing settlement of 1 in. and total differential 

settlement of 3/4 in.** Data was interpreted conservatively in the develop- 

ment of this chart. Often, practice has shown this method to produce very 

* For convenience, symbols and definitions are listed and identified in the 
Notation (Appendix B). 

** A table of factors for converting non-SI units of measurement to SI 
(metric) units is presented on page 6. 



Width B af /mfing in Feet 

Figure 3. Terzaghi and 
Peck's Design Chart for 
allowable bearing pressure, 
based on footing size and 
blowcount value (1948) 
(Permission to reprint 
granted by Ralph B. Peck) 

conservative values for bearing pressure. Modifications to these values for 

less conservatism have been made by many engineers and scientists in the prac- 

tice of foundation design. The computation of settlement by the Terzaghi and 

Peck chart was defined by Meyerhof (1956) in the form of equations repxesent- 

ing the bearing capacity curves. These include the footing width, the rela- 

tive density (expressed by the blowcount), and the net applied load. A 

general expression for this relation is in the form: 

where 

S - settlement 
q - net applied load 
B - footing width 
N - blowcount 
C - empirical constant determined by observation and/or experimentation 



Terzaghifs charts give C - 8 for footings less than 4 ft, and C - 12 for 

footings greater than 4 ft in width. 

Elastic soil settlement 

17. Soil is often treated as an elastic medium, linear or non-linear, 

to which the elastic theory assumptions and principles of stress and strain 

are applied. Settlement computations of this form use the elastic properties 

of Poisson's ratio and Young's modulus to represent the soil. A general 

expression for the elastic settlement relation is: 
' 

in which S , q , and B are described in paragraph 16, and where 

v - Poisson's ratio 
E - elastic modulus 
I - influence factor based on footing shape, depth, and the extent of 

the elastic region of settlement 

18. One main difference between the Terzaghi model and tRe elastic 

model is the relationship between footing width, and settlement. The elastic 

theory models a linear relation between setshement and footing width, while 

Terzaghib work shows this to be a nonlinear relation as shown in Figure 2 .  

Elastie theory settlement methods can account for this nonlinear relationship 

through an appropriate use of the elastic or compressibility modulus based on 

the SPT value. DfAppolonia, DIAppolonia, and Brissette (1970) address this in 

their elastic settlement model. 

S m a q  

1 9 .  Some procedures for computing settlement 0% shallow foundations on 

sand are modifications of Terzaghi and Peck (1948) work. Other procedures are 

based on elastic strain theory. Some are a combination of both. In general, 

the three basic components of most settlement-predicting techniques are: the 

applied load, some measure of the footing size or shape, and a representation 

of soil bearing strength. 

20. There are many other factors affecting the settlement of a founda- 

cion on sand which should be included somehow in the settlement computation. 

Of the three variables listed, usually the one with the most uncertainty is 

the soil strength. Factors dealing with the soil strength are presented in 



the remainder of this part. These are: the blowcount or SPT value, embedment 

of the foundation, and the effect of groundwater. The settlement methods 

presented in Part I11 may account for all or some of these factors, while 

others account for none at all. 

Standard Penetration Test 

21. The relative density of sand can be indirectly determined by its 

resistance to penetration. Presently, the SPT is the most widely used test in 

the United States for determining the penetration resistance of soils. A 

description of the test procedure and the apparatus can be found in most foun- 

dation and soils text books. Basically, the test consists of driving the 

standard split-barrel sampler into the bottom of a boring for a distance of 

18 in. The number of hammer blows needed to drive the sampler the last 12 in. 

is counted. This is referred to as the "blowcount" or SPT number. The hammer 

should weigh 140 lb and drive the sampler by free-fall from a height of 30 in. 

The penetration resistance is used both directly and indirectly in almost all 

of the settlement procedures described in Part 111. 

22. The Cone Penetration Test (CPT) is another means of measuring the 

penetration resistance of a deposit. This test is widely used in Europe and 

is experiencing increased use in the United States. The CPT can be either a 

static test (pushed continuously into the soil) or a dynamic test (driven into 

the soil). The SPT is a dynamic test. Often, the CPT value is correlated 

with the SPT value. Some design methods use it directly. Specifically, 

Schmertmann (1970), Schmertmann, Hartman, and Brown (1978), and Meyerhof (1956 

and 1974) incorporate the CPT value in their procedures and provide correla- 

tions with the SPT value. Robertson and Campanella (1983) discuss various 

aspects of the CPT, including SPT-CPT correlations, and its use in engineering 

practice for determining soil classification and certain parameters. 

Factors Affectine the SPT Value 

23. The blowcount value obtained from the field can be affected by a 

number of factors. Whether or not to correct the blowcount for these should 

be taken into consideration before a final representative blowcount is 

selected for design. A specific numeric correction factor is not always 

available for the consideration of each effect. In all cases engineering 



judgment should be exerci 

the following paragraphs 

.sed. Some of these aspects are briefly discussed in 

and references are provided for additional review. 

Overburden uressure 

24. One of the most influential and widely known of the factors affect- 

ing the measured SPT value is the overburden pressure. Since it is desired to 

determine the relative density of a sand from the blowcount, ideally the 

changes in the blowcount should represent the changes in relative density. 

This is not always the case. For example, in a homogeneous deposit where 

relative density and friction angle are constant with depth, an increasing 

blowcount is measured. This is due to increasing overburden and confining * 

pressures which increase soil resistance to the sampler's penetration. For 

this reason, each measured SPT value should be corrected for the influence of 

its corresponding overburden pressure. Then a representative blowcount can 

determined. For a shallow foundation, a representative blowcount is often 

taken as the lowest average value of corrected blowcounts below the base of 

the footing over a depth approximately equal to the footing width. 

25. There are many techniques available to correct the SPT value for 

overburden pressure. In general, it involves determining a correction factor, 

C, , based on the effective overburden pressure, Q; , and the field blow- 

count, N , so that N is normalized to a standard reference overburden pres- 

sure. The corrected field blowcount, N, , is calculated as: Nc - NCm . 
Blowcount correction factors for overburden developed by various authors are 

ploc~ed in Figure 4. The corresponding equations are shown in Table 3. 

26* Excluding the Teng (1962) curve, all the plots in Figure 4 are in 

close agreement in ehe range of effective overburden pressures greater than 

about 0.5 %sf, FOP pressures less than 0.5 tsf, the curves diverge into two 

general areas: in one group are Peck and Bazaraa (1969) with Liao and Whitman 

(1986); i n  rhe other group are Skemptsn (1986) with Peek, Hanson, and Thorn- 

burn (1994). The Teng (1962) curve is unrelated to the others due to ehe 

reference pressure used. 

27. The reference pressure is the overburden pressure to which a cor- 

rection factor normalizes the blowcount. This is the overburden pressure at 

which C, - 1 . Typically, 1 tsf is the reference pressure used. However, 

Peck and Bazaraa (1969) normalize t~ 0.75 tsf and Teng uses 40 psi, which is 

2.88 tsf. The Terzaghi and Peck (1948) c lassif icat ion,  Table 1 ,  was based on 

blowcounts at an overburden pressure of approximately 0.75 tsf. C,, is 

greater than 1.0 
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Figure 4 .  Overburden correction factor for SPT 
blowcount from various authors 

for overburden pressures less than the reference pressure, and is less than 

1.0 for overburden pressures greater than the reference pressure. 

28.  Some procedures for computing settlement do not advocate correcting 

the blowcount for overburden but use the blowcount values as obtained from the 

field. Most experiments and theories show that this correction is necessary, 

and recommend that the field blowcount be corrected for overburden. One of 

the relationships shown in Figure 4 (excluding Teng (1962) due to the refer- 

ence pressure difference) is appropriate, or another which plots in the same 

region. The method by Peck, Hanson, and Thornburn (1974) is widely used in 

engineering practice. 

Testine/eoui~ment 

29. In the SPT test itself, variations in the borehole diameter, rod 

length, and hammer release mechanism produce different blowcounts for sands at 



Table 3. Overburden Correction Factors 

ehe same overburden and relative density values. Skempton (1986) suggests 

normalizing the blowcount to a standard rod energy ratio of 60 percent and 

provides corrections for this, as well as for the borehsle dimeter, the pres- 

ence of B sampler liner, and differences in rod length. Gibbs and Moltz 

(1957) and Bazaraa (1967) also studied the effects of differene rod lengths 

and rod weights on the blowcount value, 

30 .  There are other conditions of the equipment and the test procedure 

which should be considered. For example, the height of the hammer fa11 

(standard, 30 in.) and the weight of the hammer (standard, 140 lb) determine 

the energy imparted in the blow. Deviations from these standards produce 

blowcounts that are not applicable for analyses that were developed based on 

blowcounts from standard equipment and procedures. Other variations include 

whether or not the casing was cleaned before the blows started, differences in 

the length of the sampler used, and differences in the method of drilling. 

Fletcher (1965), Palmer and Stuart (1957), Skempton (1986), and NAVFAC DM 7.1 

(Department of the Navy 1982) provide excellent discussions of these areas of 

Unlts tor u,' 

(0,' = effective overburden 
preraure) 

tsf 

trf  

kr f  

Reference 

skempton 
(1986) 
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Eguation tor Correction Factor, C. 
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rand 0.7 + 0.' 
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concern dealing with the SPT test equipment and procedures and how the mea- 

sured blowcount is affected. 

Overconsolidatio~ 

31. The effect of overconsolidation on the blowcount and relative den- 

sity is another aspect to be considered. In general, an overconsolidated Soil 

has a higher blowcount than a normally consolidated soil at the same relative 

density. This effect is related to, but separate from, overburden pressure. 

Marcuson and Bieganousky (1977a) developed equations relating the relative 

density, overburden pressure, and overconsolidation ratio (OCR) to the blow- 

count based on results from laboratory tests on prepared samples. Skempton 

(1986) shows the effects of OCR on the mean effective stress which controls 

the penetration resistance and has developed an overburden correction factor 

for overconsolidated fine sands. Mansur and Kaufman (1958) and Mansur and 

Hunter (1970) report decreases in blowcount at the same site after an excava- 

tion at about the same relative density. They attribute this to the effect of 

overconsolidation. Based on the latter two and other similar reports, Moshex 

(1984) used a 1-percent reduction in blowcount per 1 ft of excavation to cor- 

rect the blowcount for overconsolidation at sites where the SPT was performed 

prior to excavation. 

T w e  of sand 

32. Different gradations for sand deposits at the same overburden and 

relative density can also influence the blowcount values. Marcuson and Biega- 

nousky (1977b) present a relationship between blowcount, overburden, relative 

density, and OCR, which also includes a uniformity coefficient term to account 

for minor blowcount differences observed from different types of sands tested, 

Some of the settlement predicting methods have individual equations for dif- 

ferent categories of sands: Meyerhof (1956, 1965, 1974) and Skempton (1986) 

account for grain size in their correlations of blowcount to relative density. 

In general, increasing grain size increases the blowcount for sand at the same 

overburden pressure and relative density. Meigh and Nixon (1961) found that 

while the SPT gives reasonable estimates of bearing capacity for footings on 

fine sand, it underestimates the bearing capacity (overestimates settlement) 

of footings on sandy gravels and, to some extent, gravelly and well~graded 

sands. This is based on comparison of the SPT with plate load test results at 

the same site. 



Blowcount in submereed sand 

33.  In sand below the water table, the effective soil pressure and the 

confining pressure are less than in the sand above the water table. Water 

lubricates the soil grains lowering intergranular, frictional resistance to 

shear and increasing slip potential. These conditions allow the sampler to 

penetrate a loose saturated soil with less blows than required in the same 

soil when dry or moist. Also, moist soil above the water table exhibits a 

slight cohesion which may add to its measured resistance. This cohesive 

effect is lost below the water table. a 

34.  The effect of groundwater on the measured blowcount value has been 

addressed by many. Bazaraa (1967) studied 11 sites and compared blowcounts 

measured 3 ft above and 3 ft below the water table in fairly uniform sand. 

The data shows little change in the blowcount: some of the SPT values mea- 

sured below the water table were greater, while ethers were less, than those 

measured above the water table. 

35. Terzaghi and Peck (1967) state that the SPT value is not signifi- 

cantly affected by submergence for soils of intermediate grain sizes. 

Schultze and Menzenbach (1961) found an average decrease of 15 percent in the 

blowcount below the water table in fine sand, This reduction was especially 

pronounced for loose fine sand. Cibbs and Holtz (1957) evaluated USBR labora- 

tory test data and compared blowcounts of moist sand to these of saturated 

sand. Their results show little reduction in blowcount for the coarse sand 

below water, but significant reduction for fine sands below water. Meyerhof 

(3.956, 1965) holds that the blowcounts in sand below water have a lowered 

value from that in the same sand above water. 

3 6 ,  In a saturated, very fine or silty, dense sand, the blowcount 

values may be excessively large because this type of material tends to dilate 

upon shearing, and water movement becomes restricted among the fine densely 

packed grains, Terzaghi and Peck (1948) proposed a correction for this 

phenomenon for a sand with a blowcount less than 15 which meets these condi- 

tions. This is: N, - 15 + 0.5(N - 15) where N, is the corrected blowcount 

and N is the measured value. Meyerhof (1956) also recommends using this 

procedure. 

37. One other aspect of the submerged sand blowcount value relates to 

the SPT procedure itself. When performing the SPT below the groundwater table 

in very loose sand, the sand in the bottom of the borehole can boil and become 

"quick" if water is allowed to seep upward into the hole. The measured blows 



will be abnormally low. This may be corrected by the level of 

water in the borehole at the level of the adjacent table, as mea- 

sured by peizometers. 

Embedment Effects on Settlement 

. , 38. A footing embedded below the ground surface, can be expected to 

settle less than a footing at the surface. The soil above the base of the 

footing acts as a surcharge, increasing the confining pressure of the soil 

below the base of the footing. This provides greater bearing capacity and 

less settlement. 

39. Figure 5 shows some ofthe settlement method embedment factors 

DaAppolonia. D'Appolonia. 
and Brisselte 
Terzaghi 8: Peck 
Bowles 
Schultz b: Sherif 
Elastic. Fox Eq . 
v = 0 3  
Elastic. Fox Eq 
v = 0.5 
Teng 

Ratio. Depthj\\'id th  

Figure 5. Embedment correction factor from various authors 

plotted for various depths of embedment, D . normalized to footing width 
8 .  The Fox (1948) equations for embedment correction are based on elastic 

settlement, and plots are shown for two different values of the Poisson ratio, 

v - 0.3 and v = 0.5 . 
4 0 .  The depth correction factor reduces the calculated settlement to 

account for the increase in bearing capacity achieved by embedment. However, 



this assumes that the pressure applied by the original soil above the footing 

is replaced by the concrete mass and applied load. 1f this is not the case, 

the increase in bearing capacity due to the surrounding surcharge may be com- 

pensated for by a decrease in bearing immediately under the footing if there 

is a net loss of overburden. Therefore, depth correction factors for bearing 

or settlement should include some relation between the applied pressure and 

the released pressure. Bazaraa (1967) and Schmertmann (1970) use this 

principle in their embedment correction factors. Figure 6 plots their 

10' x 10' looting. 
net applied load 
Schmertmann 
a - 3 t s f  
b = 2 tsf 
c = l t s f  

Bauraa k Peck 
d = 3 tsf 
e = 2 tsf 
f = I tsf 

. Ratio, Depth, \Vidth 

Figure 6. Embedment correction factors from 
Schmertmann (1973) and Peck and Bazaraa (1969) 

equations for a 10- by 18-ft footing at varying depths, for three values of 

net appl ied  load, The two sets of plots, Figures 5 and 6, are superimposed in 

Figure 7 ,  For the 10- by 10-ft footing, Bazaraa's rebation plots reasonably 

close t o  the group of plots numbered (1) to (5) in Figure 5, and Schmertmann's 

relation is also consistent with this group for net loads between 1 and 2 tsf. 

All embedment equations are shown in Table 4. Pn general, there is very close 

agreement among all the embedment corrections except for Teng (1962) and 

Fox (1948) at Poisson's ratio of 0.5 (more representative of a cohesive soil 

than a granular soil). 



Bazaraa & Peck 
d = 3 tsf 
e = 2 tsl 
f = 1 tsl 

I - D'Appoloni~. D'Apl>oloaicr. 
and Br~ssette 

2 - Terzaghi k Peck 
3 - Bowles 
4 - Schultz k Sherif 
5 - Elastic. FOX Eq . 

v = 0.3 
6 - Elastic. Fox Eq.. 

v = 0.5 
7 - Teng 

Ratio, Depth/Width 

Figure 7. Embedment correction factors from Figures 5 and 6 

Table 4. Embedment Correction Factors 
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Water Effects on Settlement 

41. Complete submergence of a footing by the groundwater decreases the 

soil's beariag capacity by approximately one-half. This is caused by a 

decrease in effective unit weight and confining pressure of the soil by about 

one-half. In turn, this approximately doubles the settlement. Terzaghi and 

many others use this point to suggest that the calculated dry sand settlement 

be doubled in the case of complete submergence of a footing on the ground 

surf ace. 

42. The depth below the footing at which groundwater is considered to 

have no effect on the settlement or bearing capacity is not strictly agreed 

upon. Generally, it is taken to be in the range of one and one-half to two 

cimes the footing width below the base of the footing. 

43. The effect on footing settlement of a water level between these two 

depths (footing base to two times footing width below the base) is not well 

known. Many different methods have been developed to account for this. 

Terzaghi and Peck (1948, 1967) proposed a linear interpolation over this 

range. Other methods provide a nonlinear relationship. Meyerhof (1956) and 

others hold that the effect of water on the soil is reflected in the blow- 

count, which is lower below the water table, and do not correct the settlement 

the effect of water. However, if the groundwater table rises from below 

after 2he SPT was conducted, ehe effect of water cannot be dncluded in the 

blowcount. The bearing capacity of this material decreases and settlement 

problems could result, 

&4. The embedment of the footing is also important in determining the 

effeec of .zhe water table on seeelement. According to Terzaghi and Peck 

(1948, 1969), submergence of a footing at a depth, D , equal to its width, 
B , increases the calculated dry settlement value by only 1.5 instead of by 
2.0 for submerged surface footings. This is because ehe weight of the sur- 

charge due to embedment partly accounts for the decrease in bearing capacity 

(increase in settlement) caused by the water. 

45. All of the water correction factors for settlement used in the 

methods of Part 111 involve three variables: (a) depth of water, (b) depth of 

embedment, and (c) width of the footing. These correction factors are plotted 

in Figures 8a through c, for a range of the water table from 0 to 28 below the 

ground surface, and for three different embedments of the footing: D - 0 
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0 0.5 1.0 1.5 2.0 
W/B, Ratio of Water Depth 

to Footing Width 

a. Footing at ground surface 

b. Embedment at one-half footing width 

Figure 8. Water correction factors from various 
settlement methods (Continued) 



0 0.5 1.0 1.5 2.0 
W/B, Ratio of Water Depth 

to Footing Width 

c. Embedment equal to footing width 

Figure 8. (Concluded) 

(surface), B - 0.5B , and D - B . Table 5 lists the equations of these 

water correction factors. 

4 6 .  A wide range of eorrection factors exists in all three cases shown 

in Figure 8, Bazaraa's (1967) correction being the least conservative and 

Terzaghi and Peck (1948, 1967) being the most. Terzaghi and Peck do not pro- 

vide corrections for the water table when footings are embedded, except for 

Che case sf their complete submergence, as noted above. The Bazaraa correc- 

Zion fasror is based on the effective unit weight of the soil at a depth 

D + 0.5B in the dry state compared to when the water is present, The Bazaraa 

p l o t  shorn in Figure 8 is for a soil with a dry/moist unit weighr of 110 pcf 

and a saturated unit weight of 125 pcf. 

Summary 

47. The calculation of shallow foundation settlement is based on the 

size of the footing, the magnitude of the applied load, and the capacity of 

the soil to bear the load. The soil's capacity is affected by a variety of 



Table 5. Water Correction Factors 
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factors discussed in this part are briefly summarized. 

e, = 2 - [W//D + B)] 

3. Blowcount - with all else the same, the larger the blowcount 
(corrected), the less the settlement. 

(1) Overburden - this changes the blowcount from the value at 
which it represents the sand's relative density for a 
given reference overburden pressure. 

(2) Test/equipment - improper test procedures and inconsistent 
equipment can cause the measured blowcount to be above or 
below the "truen value as measured from standard proce- 
dures and equipment. 

(3) Overconsolidation - this increases the blowcount measured 
from that of normally consolidated sand at the same rela- 
tive density. 

(4) Type of sand - generally, the larger the grain size, the 
larger the blowcount value, for the same overburden pres- 
sure and relative density. 

( 5 )  Saturated sand - the blowcount may change from above to 
below the water table in a uniform sand. This change 
could be a slight decrease in a coarse sand, and a more 
notable decrease (up to 15 percent) in a fine sand, The 
blowcount may be sharply increased in a saturated, dense, 



very fine, or silty sand due to dilation of the grains 
upon shearing from the SPT. 

b. Embedment - this decreases the settlement due to increased 
confinement from the soil surcharge, provided the removed sur- 
charge pressure is replaced. 

S. Water - this increases settlement when located in the range 
from the footing base or above to a depth of one and one-half 
to two times the footing width. This is caused by a decrease 
in the confining pressure and bearing capacity of the soil. 



PART 111: SETTLEMENT-COMPUTING METHODS 

48. In this part of the report, 15 methods of computing the settlement 

of a shallow foundation on sand are presented. For each method, the theoreti- 

cal background is briefly discussed and the procedure is given. 

49. Unless otherwise noted, the terms in the settlement equations shown 

in this part are used according to the definitions given in Table 6. 

Table 6. Summary of Terms Used in Settlement Equations 

ground surface 

stratum, from ground surface 

blows per foot 

Terzaehi and Peck (1948. 1967) 

50. The Terzaghi and Peck settlement method is based on the bearing 

capacity charts shown in Figure 3 of Part 11. The equations shown were 

developed by Meyerhof (1956). The chart is used to determine the allowable 

bearing capacity for a range of footing widths and SPT blowcount values with 

maximum settlement not to exceed 1 in. and differential settlement not to 

exceed 3/4 in. 



51. Field tests and the observance of structural settlements led to the 

development of the relation between bearing capacity and footing width 

(Figure 2). According to Terzaghi and Peck, square and strip footings of the 

same width show no significant difference in their settlements for the same 

load and soil. 

52. The water correction factor for this method applies to cases where 

water is at or above the base of the footing (complete submergence). For 

partial submergence (water from depths D to D + B), a correction factor is 
given for surface footings only (no embedment). In current practice, the 

water correction is often not used with the Terzaghi and Peck settlement, 

because the method is considered to be over conservative already. Applying 
the water correction factor makes it even more over conservative, 

53. The depth correction factor following paragraph 54 is described in 

the text of Terzaghi and Peck (1967) and quantified by DIAppolonia, 

BIAppolonia, and Brissette (1970). 

54. Calculation of settlement should not be attempted with Terzaghi's 

modulus of subgrade reaction theory. This is explicitly stated in his paper 

(Terzaghi 1955): the subgrade reaction modulus is reliable for computing 

stresses, bending moments, and the distribution of contact pressure in foot- 

ings or mats, but not for the settlement of a foundation. 

Settlement exoression 

for B s 4 ft 

for B r  4 ft 

for rafes 



Correction factors 

water: C" - 2 - [&I r 2.0 (for surface footings) 

C, - 2 - 0.5 [i] a 2.0 (for a fully submerged, 
embedded footing; K S  D) 

Depth: c, = 1 - 0.25 k] 
Blowcount: Use the measured SPT blowcount value. If ehe sand is 

saturated, dense, and very fine or silty, correct the 
blowcount by: 

N, = 15 + 0.5(N - 15), for N greater than 15 

55. Tengfs method for computing the settlement of shallow foundations 

on sand is an interpretation of the Terzaghi and Peck (1948) bearing capacity 

chart (Figure 3). Teng includes corrections for depth of embedment, the pres- 

ence of water, and the blowcount. The blowcount correction equation is an 

approximation of the Gibbs and Holtz (1957) curves shown in Figure 1. 

Settlement ex~ression 

where 

q - net pressure in psf 



Water: C,, = 0 . 5  + 0 . 5  * - D  2 0 . 5 ,  for water at 1 and below footing base 

Depth: Ca = 1 + b ) s  2 . 0  

p' = effective overburden at median blowcount depth, 

about D + , in psi (I 40 psi) 
'2 

5 6 .  Alpan's settlement method was derived from the Terzaghi and Peck 

(1948) method. However, instead of directly using the blowcount he developed 

a rnodufus of subgrade reaction based on %he corrected blowcount. Alpan recom- 

mends correcting the blowcount with the Gibbs and Hslta (1957) chart of 

Figure 1. This chart was modified for easier use by Coffman (1960) as shown 

in Figure 9a. Use of the chart is explained in paragraph 57 and shown in 

Figure 9b. The "Terzaghi-Peck" curve in Figure 9b was added by Alpan. 

5 % "  Alpan also accounts for submerged soil conditions as well as the 

shape of the footing in his settlement prediction method. 



SPT Blo~~~coun t  - N 

a. Blowcount correction based on Gibbs and Holtz 
(1957) chart 

SPT Blowrount - N 

b. Example showing use of chart 

Figure 9. Blowcount correction for~use with Alpan's 
(1964) method (Permission to reprint granted by 

Morgan Grampian (Construction Press) Ltd.) 



Settlement ex~ression 

where 

a - coefficient based on blowcount (in-ft2/ton)., Figure 1 0 .  

Correction factors 

a t :  C. = 2.0 - 0 . 5  b] s 2 . 0 ,  for water imedlately below the footing 

Shape: m = shape factor, obtained from Figure 11 

Procedure to correct 
blowcount for Alvan Method 

58. These steps can be followed to arrive at a corrected blowcount for 

the Alpan (1966) Method. 

& Enter Figure 9(a) with field blowcount and corresponding over- 
burden pressure (in pounds per square inch). 

. From this location, travel parallel to the relative density 
lines to the curve labeled "Terzaghi-Peck." 

so From the "Terzaghi-Peck" curve, travel vertically to the hori- 
zontal axis and read the corrected blowcount, N ,  . 

9. For submerged, dense, very fine or silty sand, correct the 
blowcount again using the Terzaghi and Peck (1948) equation: 

Nc = 15 + 0.5(Nc - 15), for Nc > 15 

e. Use the final corrected blowcount (from step c or d) in - 
Figure 10a or b, to determine alpha, a . 





Figure 11. Alpan's (1964) footing shape correction 
factor, m 

Elastic Theory 

$ 9 .  Settlement computed by elastic theory uses elastic parameters 

gmogiblbus and Poisson's ratio) to model a homogeneous, linearly elastic medium. 

The cebaseic modulus of a soil depends upon confinement and is assumed in 

elaseie theory eo be constant with depch, For uniform saturated cohesive 

soi%s, this assumption is usually valid. For cohesionless soils, elastic 

methods can be inappropriate because the modulus often increases with depth. 

However, the immediate settlement of sand is often considered to be elastic 

within a small strain range and is easily modeled as such, using an average 

modulus value over the depth equal to 28 below the footing base. 

60. The elastic theory settlement calculation presented here uses equa- 

tions found in the text of Das (1983) for the influence factor, and the charts 

by Fox ( 1 9 h 8 )  for embedment. Tables of precalculated influence factors for 

elastic settlement on a semi-infinite stratum can be found in many texts for 



use in hand calculations. Table 7 summarizes these factors. Estimates of the 

modulus of elasticity and Poisson's ratio are also readily found in the liter- 

ature. Some of these are shown in Tables 8 through 10. 

61. The expression below is for settlement at the surface of a semi- 
~nfinite, homogeneous half-space. To calculate the elastic settlement of a 

footing on a finite compressible layer, the value calculated from the follow- 

ing equation is reduced by subtracting from it the settlement calculated for 

the same loaded footing as if it were at a depth in the semi-infinite homoge- 

neous half-space, equal to the depth of the bottom of the finite compressible 

layer. This procedure is explained in paragraph 62. 

Settlement ex~ressioq 

where 

S, - settlement in ft on a semi-infinite, homogeneous half-space 
I - influence factor based on shape, aspect ratio, footing flexibility, 

and depth to a rigid base, Table 7 

E - soil modulus of elasticity (tsf), values shown in Tables 8 and 9 
v - Poisson's ratio, values shown in Table 10 

Correction factors 

Depth: Cd = value from Fox's chart (Figure 12) based on 
v , L/B , rind D/B 

Elastic settlement on finite 
com~ressible laver (H < lOBl 

62. These steps can be followed to compute elastic settlement of a 

footing on a finite layer instead of an infinite mass as shown in paragraph 61 

(Das, 1983). 

2 .  Compute S,  , the settlement at the center of a flexible 
footing on a semi-infinite half-space, by the equation in 
paragraph 61. 



TABLE 7. Summary of Elasticity Influence Factors for Footing 
on Semi-infinite, Homoqeneous, Linearly Elastic Medium 

1- Flexible 
I 

Footing 
ner Average 

I I Circle I .OO 0.64 0.85 

(after Das 1983, and Wlnlerkorn and Fang 1975) 

Table 8. Equations for Stress-Strain Modulus, E 
from SPT and CPT Test Methods 

I Clayey sand E = 320(N + 15) E = (3 to 6) q, 1 
Silty sand E = 300(N + 6) 

I Gravelly sand E = 1,20O(N + 6) I 
Soft clay E = (6 to 8) qc ( 

e Divide kPa by 50 lo gel ksf 
(after Bowles 1982) 



Table 9. Range of Elastic Modulus, E 

Young's Modulus, E 
Soil 

(psi) 

Soft Clay 250 - 500 

Hard Clay 850 - 2,000 

Loose Sand 1,500 - 4,000 

Dense Sand 5,000 - 10,000 . 
(after Das 1985) 

Table 10. Range of Values for Poisson's Ratio 

Soil Poisson's Ratio 

Loose Sand 0.2 - 0.4 

Medium Sand 0.25 - Q.4 

Dense Sand 0.3 - 0.45 

Silty Sand 0.2 - 0.4 

Soft Clay 0.15 - 0.25 

Medium Clay 0.2 - 0.5 

(after Das 1985) 



Depth Ratio, D/B 

Figure 12. Depth correction factor by Fox (1948) 
for elastic methods (Bowles (1982)) (Permission 
to reprint granted by the International Society 
for Soil Mechanics and Foundation Engineering) 

b. If desired, compute S, , the average settlement of the flex- 
ible footing, and S, , the settlement of a rigid footing, on a 
semi-infinite half-space. This is calculated from S, by: 

S, = 0 . 848(Sc) and S, = 0 . 93(Sc) 

G .  Compute S', settlement of one corner of the footing, at a depth 
equal to the bottom of the compressible layer (H). 



where 

' I2  and 
m = ~  

H 
n = g 7 2  

The tan'' angle is in radians. 

_d. Compute Scf , settlement at the center of a flexible footing 
on a finite compressible layer, by: 

e .  Compute Saf , average settlement of a flexible footing, and 
S,, , settlement of a rigid footing, on a finite compressible 
layer, by : 

S,, = 0. 848(Scf) and Szf = 0. 93(SCf) 

JI'Avvolonia. DIADDolonia. and Brissette ( 1 9 6 8 1  

63. In this paper, D'Appolonia, D'Appolonia, and Brissette (1968) re- 

port the results from an extensive study performed with the Terzaghi and Peck 

(1948, 1967) and Meyerhof (1956, 1965) settlement methods versus measured 

settlements. They concluded: 

. Use the Terzaghi equations with a 50-percent increase in bear- 
ing capacity (two-thirds decrease of settlement) as proposed by 
Meyerhof (1956). 



p, Correct the blowcount with the Gibbs and Holtz (1957) curves, 
Figure 1. 

. Do not correct for the water table with this procedure, also 
proposed by Meyerhof. 

64. These conclusions are valid for overconsolidated, vibratory 

compacted, dune sand, on which the comparisons were made. Extrapolation to 

soils other than this may produce erroneous results. The depth correction 

factor shown below was not explicitly stated as part of this procedure. It 

is, however, part of Meyerhof's procedure, on which this one is based. 

Settlement ex~ression 

s = 16q c,, for B s 4 ft 
-K 

C, for B z 4 ft 

s = 8q c,, for rafts T 

Correction factors 

Depth: C, = 1 - 0.25 (:I, from Meyerhof (1956) 

Blowcows: use Nc value from Gibbs and Holtz (1957) euwes (Figure 1) 

D'AD~010nia. D'AoDolonia. and Brissette ( 1 9 7 0 )  

65. This procedure was presented in the 1970 closure article to the 

authors' 1968 paper. It is similar to an elastic settlement method, using an 

elastic modulus of compressibility, H , that is determined from the field 

blowcount. A separate modulus of compressibility was developed for preloaded 

soil to account for the influence of stress history on soil behavior. A water 



table correction is not used in this method. rhe effect of groundwater On 

settlement (and bearing) is believed to be measured in the blowcount. 

66. An influence factor, I , is computed as the product of Po and 

pi from Figure 13. These are factors developed by Janbu, Bjerrum, and 

Kjaernsli (1956) to account for the length and depth of the footing and the 

1 .o 
0 9 

a 
a 

0 8 

,O 0.7 
U 

r 0 6  

0 . 5  
01 0 2  0 5  8 2 S I 0  20 5 0 1 0 0  1000 

0 1  I) marlo 
From Jonbu rt ol 

Figure 13. Influence factors p1 and p0 from 
Janbu, Bjerrum, and Kjaernsli (1956) used in the 
D'Appolonia, D'Appolonia, and Brissette (1970) 
method (Permission to reprint granted by the 

National Research Council of Canada) 

depth to a rigid base. These curves have been modified by Christian and 

Carrier (1978) to account for a wider range of Poisson's ratio. They differ 

from Janbu's curves for values of H / B  < 5 . The original Janbu curves are 

those of Figure 13. 

Settlement ex~ression 



where 

S - settlement (a) 
I - influence factor based on footing shape and embedment and depth to 

a rigid base 

I - (p,) (pi) , see Figures 13a and b 
M - modulus of compressibility (tsf), Figure 14 

Measilre~l 13 l0~~0i lnt .  N, Average over 
Deptl~ = U Below Fooling ( t~ lows/ f l )  

Figure 14. DIAppolonia, D'Appolonia, and brissette 
(1970) compressibility modulus 

peck and Bazarae ( 1 9 6 9 )  

6 7 ,  This method is similar t o  Terzaghi and Peck (1948, 1967) but pre- 

dices a less conservative settlement value and corrects the blowcount for 

overburden. In an extensive research effort, Bazaraa (1967) developed a means 

to correct the field blowcount for overburden effects. This was an effort to 

clear inconsistencies found with the Gibbs and Holtz (1957) method of blow- 

count correction (Figure 1). Also developed was a new bearing capacity chart 

which modifies the Terzaghi and Peck chart (Figure 3) to less conservative 

estimates by increasing the allowable bearing capacity by 50 percent. Water 

and depth effects were studied and corrections were developed for these fac- 

tors as well. 



16q 
S = -sn; (Cd cw)  for B I 4 ft 

for B 2 4 ft 

S -  - R ; ( ~  ' 4  C D )  for rafts 

Correction factors 

0; (dry) Water: C, = . a; is computed at D + B 
-2 

Note: C, is the ratio of the effective overburden pressure at D + B / 2  
of dry soil to effective overburden pressure at D + B / 2  when 
the water table is at the appropriate location. Therefore, if 
water is below the depth D + B / 2  , then C, = 1.0. 

Depth: Cd = 1.0 - 0.4 [$]1'2 

Blowcount: 4N forp'al.5ksf 
= 1- 

= 4 N for p' L 1.5 ksf 
3.25 + 0.5~' 

p' = effective overburden pressure corresponding to the 
blowcount (at approximately D + B / 2 )  

Schmertmann C19701 

68. Schmertmann proposes calculating total settlement by subdividing 

the compressible stratum and summing the settlements of each sublayer. The 

sublayer boundaries are defined by changes in the SPT or CPT profile. This 

profile is used to determine the elastic modulus as it changes with depth. If 



the SPT (or CPT) is fairly constant with depth (to depth D + 2B), then the 
elastic modulus will be constant with depth and the layered approach is not 

necessary A simplified settlement expression for this case is provided in 

paragraph 70. 

69. This method is similar to elasticity procedures. Results from 

tests which studied vertical strain distribution below loaded footings were 

used to develop the vertical strain influence diagram shown in Figure 15. The 

strain influence diagram models the strain distribution below the footing. 

This method applies to rigid footings as well as to flexible ones. The effect 

of creep settlement over a given period of time is included in the creep 

factor, C, . 

B t FOOIYNG WIDTH 

Z P DEPM BELOW BOITOM OF 
FOOTING TO MIDPOINT OF 
SOIL LAYER 

Figure 15. Strain influence factor diagram for Schmertmann (1970) 
settlement method 

78. The strain factor chart for this method (Figure 151, is often 

called the "2B-0.62," distribution. It was modified by Schmertmann, Hartman, 

and.Brown (1978) to model changes found in the strain diagram caused by dif- 

ferent footing shapes and loading intensities. 



Settlement ex~ression 

where. 

S - settlement (a) 
I, - vertical strain influence factor, Figure 15 
E,  - modulus of elasticity (tsf) 

- 2% (tsf) 

qc - cone penetrometer strength (tsf) 
- 2N, for fine or silty sand, or silt - 3.5N, for medium or slightly silty sand - SN, for coarse and gravelly sands 

z - thickness of soil layer (ft) in terms of B 

n - total number of soil layers in the subdivided compressible stratum 
i - individual soil layer 

If E, is constant over 28 below the footing base (i.e., SPT or CPT values 

are constant) the simplified expression is: 

where 0.6B is the sum of the (I,) (2) area under the strain influence diagram 

in terms of B . No sublayers are needed. 

Correction factors 

Depth: Cd = 1.0 - 0.5 [$!I 2 0.1 

Creep: Ct = 1.0 + 0.2 log , t = time period (years) 



procedure 

71. The following steps comprise the procedure for calculating total 

settlement. 

8 .  Divide the eoipressible stratum into layers, based on a CPT or 
an SPT profile . 
For each layer determine thickness, z , and depth (in terms of 
footing width, B) to the layer midpoint, Z , measured from 
the bottom of the footing. 

Calculate the elastic modulus for each layer, from CPT or blow- 
count values, as described above. 

Use the vertical strain influence diagram of Figure 15 to 
determine the influence factor, I, , for each layer midpoint, 
Compute (I,/E,)i (zi) for each soil layer. 

Calculate total settlement of the stratum: 

g. Multiply the calculated settlement by Cd and C, , if 
appropriate. 

Schmettmann. Hartman. and B r o m  (1978) 

72. This method differs from the Schmertmann (1990) method in that the 

scrain influence diagram must be constructed for each individual case. Its 

dimensions are based on the shape of the footing, as measured by the bength- 

to-width ratio, L/B , and the net loading insensity, q . The diagram varies 

from square to strip footings, where &/B .I % to L/B - I0 , respectively. 

Another difference from the 1970 method i s  the computation of the elastic 

modulus for each soil layer. This also is based on LIB as well as CPT or 

SPT values. 



Settlement ex~ression 

where 

S - settlement (fE) 
I, - vertical strain influence factor, Figure 16 
E, - soil modulus of elasticity (tsf) 

q, - cone penetrometer (CPT) strength (tsf) (see Schmertmann (1970) 
method for correlation with blowcount values if q, not available) 

z - thickness of soil layer in terms of B (ft) 

n - total number of soil layers in the subdivided compressible 
stratum 

i - individual layer 

Depth : 

Creep: C, = 1.8 4 0.2 log [+] , t = time (years) 

Procedure 

73. Three (x,y) coordinate points are required to construct the strain- 

influence diagram. These are described in terms of I, and Z / B  coordinates 

for the x and y axes, respectively. Figure 16 shows the general form of this 

diagram. Note, z - thickness of the sublayer, while Z - depth from footing 
base to midpoint of the sublayer. 



Point 1: 

x = I, - peak , z1 
Y = T  

I, - peak = 0.5 + 0.1 [$&]=" 
p' = effective overburden pressure at B + Z1 

x = I, - intercept , y = 0 

I, - intercept = ] [[BL] - I]+ 0.150.2 

r. Point 3: 

d .  Draw the influence diagram through these three points as shorn 
in Figure 16, then follow the procedure for the Schmertmann 
(1970) method, beginning with step 1 and using this vertical 
strain-influence diagram to obtain the 6, values at layer 
midpoints, defined by Z / B  . 

g. If the elastic modulus is constant with depth (constant SPT or 
CPT), layers need not be formed. Simply sum the area under the 
influence diagram in terms of B , divide this by the modulus, 
and multiply by the load and correction factors: 

(sum) B 
' = q C d c t  + 



B=Footing Width 
Z=Depth below 

f o o t i n g  b a s e  
t o  midpoint  of 
s o i l  l a y e r  

Figure 16. Strain influence factor diagram 
for Schmertmann, Hartman, and Brown (1978) 

settlement method 

74.  Schultze and Sherif derived an empirical settlement calculation 

method from the results of a study of observed settlements from 48 sites. The 

reported accuracy of this method is ;?: 6 0  percent. The exponent, 0 . 8 7 ,  on the 

blowcount value was determined from a statistical study of their results. The 

factor, F, , accounts for footing shape and the depth of the compressible 

stratum. 

Settlement exoression 

where 

S - settlement (a) 
Q - gross contact pressure at foundation level (kg/cm2) (surcharge not 

subtracted) 



Fc - influence factor based on footing shape and depth to a rigid base 
(cm3/kg) shown in Figures 17a and b 

Note: All dimensions, B , L , D , and H , are in centimeters. See 
the conversion table on page 6 for metric conversion. 

Depth: C, = 1 + 0.4 11s 1.4 

75. Meyerhof's more recent settlement equation (1974) is presented 

here. It is a modification of his earlier ones (1956, 1965), generally con- 

sidered to be overconservative. 

76. Meyerhof does not provide a correction factor for water, but claims 

that the presence of water is reflected in the field blowcount. That is, the 

blowcount is decreased in the presence of water and this causes the computed 

bearing capacity to be lass than for dry soil. He does note that upon full 

submergence approximately 50 percent loss in bearing capacity occurs (or, 

Cwice %he settlement) and that the engineer should consider this in the 

analysis, 

77, In earlier reports, Meyerhof (1956, 1965) proposes using the 

Terzaghf and Peck (1948) correction to the field blowcount for submerged, 

compacs, and dense, very fine, or silty sand, %his correction is riot included' 

with Heyerhofb ((1974) method. A separate eqwtion is provided for very fine 

or s i l t y  sands. 



50 100 500 1000 5000 10.000 

Foundation Width, B (cm) 

Figure 17. Factor F, f o r  Schultze and She r i f  (1973) 
settlement method 



Settlement ex~ressiog 

s 6  S = (Cd) , for silty sand 

where 

P1 - footing width (L) 
Correction factors 

Depth: 4 = 1 - 0.25 (i) 

78. This method is a modification of the Terzaghi and Peck (1948, 1967) 

settlement method. Corrections were developed for the overburden effect on 

field blowcount and for the effect of water near the footing base. 

Settlement ex~ression 

S = 9 for intermediate width 
l1 footings (>2 ft) 

S = 9 for rafts 
22 N C C W  



Correction f ac to r s  

water: = 0.5 + 0.5 [gal f o r  water from O t o  D + B 

Blowcount: N, = NC, 

C. = 0.77 log  [$] 
p' = e f f e c t i v e  overburden pressure f o r  the  measured 

blowcount a t  (D + B/2) i n  tsf r 0.25 t s f  . For 
p' C 0.25 , use Figure 18 

Correction Factor. C N 

0.0 0.5 1.0 1.5 2.0 

Figure 18.  Peck, Hanson, and Thornburn 
(1974) overburden correc t ion  f o r  

blowcount 

79. Bowles' se t t lement  method is  based on the Terzaghi and Peck (1948, 

1967) method, but  is  modified t o  produce r e s u l t s  which a r e  no t  as 

conservat ive .  



80. The water correction factor was interpreted from the text by the 

writer; the settlement doubles with water at the footing base, while the depth 

at which water has no influence is stated to be [0.5B tan(45 + d/2 ) ] .  This 

ranges '-:om approximately 0.75B to 1. OB 3 typical values of 4 , the internal 

frictior* angle. To be conservative, this extent of water influence was taken 

to be 1.OB below the footing base, and the correction factor was determined 

from this. 

81. The blowcount is used directly as measured in the field. 

Settlement ex~ression 

2'5 q [4] for B s 4 ft 
- 7 7 -  q 

for mats 

where 

q - applied pressure (ksf) 
Correction factors 

Water: C,, = 2 - + 2.0 and r 1.0 

Depth: Cd - 1 + 0.33 [i] L 1.33 

82 .  This settlement prediction method called the "Equivalent Linear 

Model" involves computing settlement at the midheight of several sublayers of 

the stratum, then summing these to get the total settlement of the stratum. 

5 6 



This technique is based on elastic theory and the is on the determi- 

nation of the deformation (elastic) modulus, E , over the depth of the 
stratum. The procedure to calculate settlement is described in paragraph 83. 

An example chart for keeping track of computations is shown as Table 11. 

Settlement exmession 

where 

S - settlement (ft) 
q - net applied pressure (ksf) 
e - settlement factor 
E - modulus of elasticity at 0.001 strain (ksf )  

n - total number of layers in the subdivided compressible stratum 
i - individual layer 

procedure 

8 3 .  A description of the procedure to calculate settlement is given in 

the following steps. 

8. Divide the compressible stratum (to a depth of at least 
D + 2B) into layers. The layers need not be of equal thick- 
ness. It will be useful to define layers at locations of dif- 
ferent soil properties, the water table, different blowcount or 
CPT values, and other distinct areas. If the stratum is uni- 
form with no distinct property variations, the writer suggests 
subdividing a depth from B to B + 2B into at least four or 
five layers. 

b. For each soil layer, correct the blowcount for the correspond- - 
ing overburden using the Peck and Bazaraa (1969) correction in 
paragraph 67. 

c .  For each soil layer, calculate the effective vertical stress, - 
p' , from the ground surface to the midpoint of each layer if 
different from the corresponding midlayer overburden from 
step b. 



f ABLE 11. Chart for Use Wlth Oweis ?c!tlernent C ~ m p ~ l a t I ~ n S  
For: (Center Edge Rigid) Satttement. 



d. Compute the mean effective normal stress of each layer: - 

where 

Q, - mean effective normal szress (psf) 
K O -  coefficient of horizontal earth pressure, at rest 

p' - effective overburden pressure from step c (psf) 
g. Calculate the change in the mean effective normal stress, 

Aum , at the midpoint of each layer, due to the applied load: 

where 

a - factor from curves of Figure 19 (2 - depth to midpoint 
of layer, from footing base). 

q - net applied pressure (psf) 
Ratio of Stress Change to  Applied Load, a 
(a = ~ ~ d q  ) fo r  Flexible Circular Footing 

I I E s t ~ m a t e  for Rlg~d Footlng 
Roughly Halfway Between - 
Cenler and Edge Curves 

( w r ~ l e r )  

I 

Figure 19. Oweis' (1979) coefficient for stress increase 
in soil under loaded footing 



f .  Calculate the fac tor .  X,  , f o r  each s o i l  l ayer .  

X, = 17.2 (N,) '~"~'  

g. For each layer ,  ca lcula te  the maximum e l a s t i c  modulus. 

E ,  u n i t s  a r e  i n  kips per square foo t ,  o, a d  Aum a re  i n  
~ o u n d s  per  square foot .  

h. Obtain sett lement fac tors ,  F , f o r  the top and bottom of each 
s o i l  layer  using Figure 20. (Fi-l - top,  Fi - bottom, 
Z,.I - depth t o  top of l ayer ,  Zi - depth t o  bottom of l ayer ,  
measured from footing base).  

Settlement Factor, F 
(for Circular Footings) 

I 3 i I 
Figure 20. Oweis' (1979) set t lement f ac to r ,  F 



i. Compute Q and Xi for each layer: 

where, 

z - layer thickness (ft) 
q - net load (ksf) 

E,, maximum modulus (ksf) 

Xi - strain parameter 
1. Use Figure 21 with Xi to determine the ratio ( E E  for 

each soil layer. 

Strain P a r n m ~ t e l - .  A (percent)  

rerage for cases  
fine and rned~um sa 

Average of the two c 

-Average for cases  
of gravelly sands. 
sandy gravels. and 
gravels 

nds 

urves 

Figure 21. Oweis' (1979) relation of secant modulus, E/E,,, to 
strain parameter, X 



k. Calculate the elastic modulus, P, , for each soil layer: 

4 = (El'.&-), (Em-) 
lf 

ratio from 
\ 

value from 
step j step g 

. For each soil layer, calculate settlement: 

E. Compute the total settlement of the stratum, 

VAVFAC DM 7.1 (Deaartment of the N a w  (1987)) 

84. The NAVFAC method is-similar to the.Terzaghi and Peck (1948, 3.967) 

method but uses a modulus of vertical subgrade reaction based on the soil's 

relative density. If not known, relative density can be obtained from the 

field blowcount using the Terzaghi correlations (Table I), other correlations, 
or by using Bazaraa's (1967) equations. 

where 

S - settlement (ft) 
K,, - modulus of vertical subgrade reaction (tcf), Figure 22 

C - coefficient based on footing width - 4.0 + (20 - B)/10, for 20 ft 5 B 2 40 it 



- 4.0 for B < 20 ft 
- 2.0 for B > 40 ft 

Correction factors 

Water: C,, = 2.0 - s 2.0, for water to a depth of 
1.5B below the footing 

Shape: For a strip footing, double the calculated settlement 
Strip footing is not quantified in this method. The 
writer suggests considering footings where L/B 2 10 
to be strip footings. 

Relative Density D,, (%) 

Figure 22. Vertical subgrade reaction 
modulus, K, , for the NAVFAC DM 7.1 
(Department of the Navy (1982)) settle- 

ment method 



Bazaraa (1967) 
epuations for relative densitv 

~r = ~ ~ 1 ] ' 2  for p' ( 1.5 ksf 

where 

D, - relative density (decimal number) 
p' - effective overburden pressure corresponding to the blowcovnt (at 

approximately D + B/2 

85. Table 12 summarizes the settlement-predicting methods presented in 

Part 111 in terms of variables and correction factors. 

Dr = 

Table 12. Summary of Settlement Methods 

m 

m(3 
b 

for p' > 1.5 ksf 
.25  + 0 . 5 ~  

q, B, H, D, W, 7 
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PART IV: DESCRIPTION AND USER'S GUIDE FOR 
CSANDSET COMPUTER PROGRAM 

Overview of Proeram 

86. CSANDSET is a computer program that computes the settlement of 

shallow foundations on sand from 15 different settlement methods. The methods 

listed are described in Part 111. 

8.  Terzaghi and Peck (1948, 1967). 

8. Teng (1962). 

=. Alpan (1964). 

9. Elastic Theory. 

g. D'Appolonia, D'Appolonia, and Brissette (1968). 

f. D'Appolonia, D'Appolonia, and Brissette (1970). 

g. Peck and Bazaraa (1969). 

h.  Schmertmann (1970). 

A .  Schmertmann, Hartman, and Brown (1978). 

j. Schultze and Sherif (1993). 

k. Meyerhof (1974). - 
h .  Peck, Hanson, and Thornburn (1974). 

E. Bowles (1977, 1982). 

e. Department of the Navy (1982). 

J'roeram in~ut 

87.  Data may be entered into the program from a prepared data file or 

interactively, at the terminal. Input data contains information about an 

individual settlement problem. This input data is described by three 

categories: 

2.  Beauired data. This data is necessary for program execution. 
It consists of information describing the foundation, the ap- 
plied load, and the soil profile and properties. 

b. O~tional data. Optional data items are additional soil data - 
which may be entered to enhance or give better accuracy to the 
computations in some of the settlement methods. Some, all, or 
none of the optional data may be entered for a given problem. 
For optional data not entered, the program computes default 
values. These are discussed in the user's guide for data file 
input, paragraph 1184. 

c .  Soil lav - er data. Soil layer data are also optional data de- 
scribing the soil properties of a layered system. It is 



beneficial to enter soil layers to model the compressible stra- 
tum when there are differences in the blowcount, unit weight, 
modulus, or other properties in the soil profile. Soil layers 
are needed in the settlement method of Oweis (1979) and can be 
used but are not required in the methods by Schmertmann (1970) 
and Schmertmann, Hartman, and Brown (1978). If layers are not 
entered by the user, the program automatically breaks the 
stratum into layers fof use in the Oweis method. This is ex- 
plained in paragraph 97. 

-ram outuut 

88. Program output information consists of: 

8.  A listing of the input data 

Bs A listing of the intermediate calculations from each method, 
such as correction factors, values used from charts, etc. 

g. A listing of the computed settlement from each of the 15 
methods. 

8 9 .  The input data listing and settlement calculations are viewed at 

the terminal, and may be printed by pressing the Shift and D i n t  Screen keys 

at the same time. Input data may be saved to a data file. The intermediate 

ealculations are directed to a data file only, and nay be printed after exit- 

ing the program. 

Comments on Settlement Methods in CSANDSEX 

98 ,  This section explains how some of the sett%emea~ methods are used 

in CSANDSET, hpeets of the programming such as assumptions and limitaeions, 

are discussed. The exact equations shown in Part I11 are used to calculate 

settlement for each method. For those methods in which curves or graphs are 

used to determine certain variables, an equation was derived to represent the 

curves. This was done by ewcering points from the eurves into the Corps pro- 

grams "Curvefit" (M8001) and "Multi-Grapham These pxoprms use curve-fitting 

eechniques eo determine equations for a see of coordina6e data points, All ~f 

the equations derived for the curves have correlation coefficients greater 

than 97.5 percent, with most being greater than 99 percent. 

Alpan (19661 

91. Difficulties were encountered in obtaining and developing equations 

which accurately represent the Gibbs and Holtz (1957) curves (Figure 1 and 

Coffman (1960) version Figure 9a). Therefore, instead of internally calcu- 

lating this corrected blowcount value in CSMDSET, the user must enter it in 

the optional data input section. The method for determining the Gibbs and 



Holtz corrected blowcount is described in the Alpan (1964) section of Part 

111, paragraph 58. If no corrected blowcount value is entered, the Alpan 

settlement is not computed. Equations for the other variables, alpha and 

m/n , were developed from the curves shown, Figures 10 and 11, using curve- 
fitting techniques. 

D'Appolonia. 
P'Av~olonia. and Brissette (19681 

92. As with the Alpan method, this settlement is only calculated if the 

user enters the corrected blowcount from the Gibbs and Holtz (1957) chart. 

D'Appolonia, 
P'A~volonia. and Brissette (19701 

93. The D'Appolonia method uses a modulus of compressibility in the 

settlement equation. This modulus is related to the blowcount for both nor- 

mally loaded and preloaded soils, Figure 14. The program will calculate the 

preloaded soil modulus if indicated in the optional input by the user, other- 

wise, the nomally loaded soil modulus is computed. Equations for the Janbu, 

Bjerrum, and Kjaernsli (1956) curves, 'Figure 13, for the influence factor were 

developed using curve-fitting techniques with linear interpolation between 

Schmertmann (1970) 
Schmertmann. Hartmam. and Brown (19781 

94. In both of the Schmertmann methods, the stratum is defined by soil 

layers based on changes in the CPT or SPT profile. The CPT or SPT profile is 

used to determine the soil modulus profile. However, if no soil layers are 

entered by the user, the modulus is assumed constant over the depth of the 

compressible zone, and the program simply computes the area under the 

I, - -  Z / B  curve for both methods. If no modulus is entered, one is computed 

from CPT or SPT values according to the equations for the modulus given with 

the Schrnertmann methods. 

Schultze and Sherif ( 1 9 7 3 )  

95. The value, Q , in the settlement equation of Schultze and Sherif, 

is defined as the full mean contact pressure, without reduction of the sur- 

charge pressure, 7D . Therefore, in CSANDSET, the surcharge is added to the 

applied net pressure, q , entered by the user, and this sum is the value Q . 
9 6 .  Equations for the settlement factor curves, F, , of Figure 17a 

were developed by curve-fitting methods, with linear interpolation for values 



bemeen Ehe curves shown. The same was done for the ( H / B )  reduction factor, 

Figure l%b, using the values shown in the chart. 

M e i s  (19791 

97, In CSANDSET, the user has the option of entering the soil layers Or 

allowing the program to subdivice the stratum itself. If the user does not 

enter soil layers, CSANDSET breaks the stratum of thickness H into substrata 

of thicknesses 0.25B , plus any remainder, from the base of the footing to 
depth B . A break is also defined at the water table if it is within this 

range. The properties assigned to each layer, unit weight, blowcount, etc., 

are the same as those input for the one soil stratum. The only difference 

will be the effective overburden pressure calculated at the midheight of each 

layer, 

98, The Oweis (1979) settlement factor, Fi , is shown in graphical 
form in Figure 20 for the center of a flexible footing, the edge of a flexible 

footing, and for a rigid footing. The load factor alpha, of Figure 19, is 

only provided for the center and edge of flexible footings, and not for rigid 

footings. Therefore, a curve was interpolated for a rigid footing approxi- 

mately midway between the two flexible footing curves. 

99. For the value of &/E- , instead of using either the fine sand 
e u n e  or ehe coarse sand curve, an average of ehe two curves was interpolated 

%or use in CSANDSET, This plots half-way between the two lines as shown in 

Figsnare 21, 

NAVFAC DM 7.9 
JDe~artment of the N a w  (198211 

10Q. An equation was developed to represent the K, versus D, curve 

k?or coarse-grained soils of the NAVFAC meshod, Figure 22, using curve-fitting 

seshnfques. The user may enter a relative density value, D, , in the option- 

al dago, If nos entered, D, is computed from the blowcount using the Bazaraa 

(1967) rtilations shown in paragraph 84. 

General rules 

101. Note, if layers are entered, they are only used in the Oweis and 

Schmertmann methods. Therefore, the soil properties entered under the soil 

data section are used in all the other settlement methods and must be repre- 

sentative of any soil layer differences immediately under the footing to a 

depth of approximately 2B below the footing. That is, values like unit 

weights and blowcounts must be averaged for use in all the other settlement 

methods . 



yser's Guide for CSANDSET 

General comments 

102. Some general connnents which apply to the use of the CSANDSET corn- 

puter program are listed. 

. Each window or menu in the program has an information line at 
the bottom of the screen. This contains information about 
your selection, input values, unLts,.cursor movement, etc. 

k. . During execution of the program, the escape key, CESC>, can be 
used to exit the current screen. The previous screen or the 
main menu will then appear. Escape from the main menu exits 
the program. 

E. Use the arrow keys to move the cursor/highlight bar to various 
parts of the screen or menu. Press the enter key to enter a 
value or make a selection. 

d. A complete description of the input data, its limitations, 
ranges, and the assumptions and defaults, is covered in the 
user's guide for data file preparation, paragraphs 113 
through 118. 

2. At any time during the program, the current screen or menu may 
be printed by pressing the shift and Yrint Scree2 keys at the 
same time. 

103. If you have a hard disk system you may wish to copy the program 

and example files to a directory on your hard disk and run it from there. The 

program may also be run from a floppy disk drive. In either case, start the 

program by changing to the directory on which the program is located and type 

the program number, 10030, or type the full pathname to the directory where 

the program is located, ending with \I0030. 

104. The opening screen of CSANDSET is displayed in Figure 23. Press 

the escape key, <ESC>, to continue. 

Main menu 

105. The main menu is shown in Figure 24. From the main menu, one can 

choose to : 

8.  Enter data from a prepared data file. 

b. Enter data at the terminal, by typing at the keyboard. 

c.  View the current input data on one screen. 

d. Calculate settlement from selected methods. - 
e. Save current data to a data file. - 



Figure 23. Opening screen of the  CSANDSET program 

D. kttlomnt Calculations 

Figure 24. Hain menu of CSANDSET 

f. Save intermediate program c a l e u l a t i ~ n s  from each method t o  a 
f i l e  f o r  pr int ing.  

8.  Exit  the program. 

Each of these options and t h e i r  submenus a re  discussed i n  the  following t e x t .  

106. Pata file entry.  Figure 25 shows the  window where the input data 

f i l e  name is entered.  The f i l e  name can be as long a s  the spaces provided i n  

the  window. Preparation of a data f i l e  i s  explained i n  paragraphs 113 

through 118. 

107. I n  the  main menu, Figure 24,  the choice t o  



I F l l .  = - 
Enter F i l e  Nam 

Figure 25. Window to enter input data file name 

enter data interactively is shown highlighted. If this is selected, Figure 26 

shows the menu which next appears. The first two choices, A and B as shown on 

this menu, the required data, must be entered before any optional data or soil 

layers are entered. 

Figure 26. Data Input and Edit menu 

a. Footing data. Figure 27 shows the screen for footing data 
entry. The information line on the bottom of the screen 
explains about each data item. 

b Soil data. The soil data input screen is shown in Figure 28. - 
If soil lavers will be entered, indicate the number of layers 
on this screen. Again, information about each data item is 
listed on the bottom of the screen. 



Figure 27. Footing data input screen 

Figure 28. Soil daga input screen 

2, htioneP soil data. Figure 29 shows the sereen for entering 
optional data. Some of fhe default values are already set, 
such as Poisson's ratio (PR) and the unit weight of water 
( G A M J ) .  The effective overburden pressure (OVER) at D 9 B / 2  
will be internally calculated if it has the value of zero when 
this screen is exited. The defaults can be changed by typing 
over the values on the screen. The condition or result of 
allowing the default value to be set is explained on the right 
side of the screen and also in the data file user's guide in 
paragraph 118b. 

d. Soil lavers. The soil layer data entry screen is presented in - 
Figure 30. Note that the number of soil layers (1 to 20) must 
first be entered on the required soil data input screen, 



OPTlOWL SOIL DCITA U n i t s  D e f a u l t  Ualue o r  Condit ion 
i 

GHN = BLOUYR. B = ALPM and D ' f i P P ( ' 6 8 )  M t h o d r  Not CorcpUted 
T1HE = 0 YEARS 0 = CREEP WT COMPUTED 
ES = B  TSF = 5(N+15). N o Uncorrected Bloucount 
OUOR = 0 PSF = EFFZCTIUE UERIlCAL STRESS AT D+B/Z 
PR = 0.3 = 8.30 
tCIrYt = 62.4 PtF = 62.4 PCF 4 
OR = 0 Z COflPVTED BY BAZC)RM WFmOD UHW NEEDED 
MT = B B = Indiv idua l  Footing 
PRE = B B = SOIL NOT PRELDADED 
FINE = B B = CONOITIONS ON INFO LlNE DON'T RPPLY. 
Enter < k c '  t o  a x i t .  Enter 0 f o r  t h e  d e f a u l t  u s l u e .  

I 

C o r n c t e d  bloucount from Gibbs 11 H o l t z  c h a r t .  

Figure 29. Optional data input screen 

SOT(3) = c = U 
SOT(4)  = d = H 

t Last SOT H M  mq-1 H) 

Figure 30. Soil layer data input screen 

Figure 28. Effective overburden is calculated at the mid- 
height of the layer in CSANDSET if the user enters 0 (zero) 
for this variable (OVER). Also, the elastic modulus (ES) can 
be entered as 0 and will be computed in the CSANDSET methods 
where required (Schmertmann (1970), Schmertman, Hartman, and 
Brown (1978), and Elastic Theory). The values of BOT, GAM, 
CAMS, and KO of the first soil layer are initially set to the 
values entered in the soil data screen, Figure 28. Type over 
these to change any. Note, the variable BOT of the last layer 
entered must equal the value of H (depth of compressible 
layer) entered on the soil data screen. Enter data in the row 
for one soil layer at a time, starting with the top layer and 
ending with the bottom layer. The screen will scroll to 



accommodate all soil layers. Use the up-down cursor keys to 
move the cursor to previous or forward positions Enter < E 5 0  
when data entry is complete. 

108. u s t  Current innut data. There are two ways to view the values of 

all the current input data. One is simply to go back to the data entry 

screens. Figures 27 through 30. The other is the main menu selection shown in 

Figure 31. With this choice, the window shown in Figure 32 appears on the 

screen. This is a concise listing of all the current input and default val- 

ues. If soil layers have been entered, a listing of data for these appears on 

Figure 31, Main menu option to list data 

Title: txarcplo footing 
Footing Data1 
Mldth = B.08 Ft 
bngth 5 8.08 Pt 
Dapth = 5.00 Ft 
P m r u r o =  1 .W TSF 

Soil Data: 
Bloucount = 12.00 B1/Tt 
Cone Penrntroreter = 43.00 TSF 
Unit Ueight r 118.00 PCF 
Sat'd Unit U~Ight = 125.08 PCF 
Horis. Earth Prossum f 0.59 
k p t h  To Rlgid Lsyer = 55.08 Ft 
b p t h  TO Uatmr = 38.80 n 

Optlonnl Soil Dater 
Cibbr Holtz lleueount = SZ.00 I)m 
C m p  Factor 'ti- s B.98 YwHr) 
Elastie Hodulus B.00 TSF 
Poisson's Ratio 6 B.30 
llwcount O w r b u ~ d m  = 590.80 PSP 
Uater Unlt  Uelghta EZa2.4!3hlF 
Soil Rolatiua D s ~ ~ s i t g  = 68.08 X 

layas .  @=nor 
m t  foundation = 0 
Proloadmd Soil = 0 
sated, dm-. f in8 sand = 0 

, I  - 4-c> to continurn. 114 

Figure 32. Screen showing list of current data 



the next screen when the <ESC> key is entered, Figure 3 3 ,  Otherwise, <ESC> 

returns to the main menu. 

UIYER DOT cnn cnns SIT E ~ T  KO OVER LS 
1 9.08 118.8 125.8 12.8 43.8 0.58 770.0 8.8 
2 15.86 110.8 125.6 14.0 47.0 0.58 1328.0 258.8 
3 30.80 112.8 125.8 18.8 55.0 8.58 2496.8 8.0 
4 55.80 115.8 1ZE.8 19.0 S . 0  8.58 4158.8 0.0 

Figure 33. Screen showing current soil layer data 

109. Settlement calculations. The selection of choice D on the main 

menu, Figure 34, brings up the screen shown in Figure 35. The user can select 

tinin tlenu 

I 6.  Data File Input. 
B. Interaotiue Data Input and Editing. 

F. Flle For Seuing Intemdiata Calsul~tlons. 
t. Exlt To WS. 

Use arrou key to highlight. then usm <Enter, to select option. U i i i  

Figure 34. Option to have settlement calculated 

individual methods or all the methods to calculate settlement by pressing the 

spacebar to indicate yes (Y) at the appropriate locations. The <ESC> key is 

used to enter these selections and produce the calculated settlements screen 

shown in Figure 36. If all methods are selected (choice A, Figure 35), then a 



Figure 35. Selection of settlement methods 

fattlnsnt (In.) SIBltlRRY TOR 
CILL RETHODS 

and B a z a ~ a  

(Exeludes flexible 
footings fro* 
gyels and Elastic) 

Figure 36, Settlement calculations 

sratisrlcal swnmary of the results is displayed on the right side of the cal- 

culated settlements screen, Figure 36. 

110. Save current data to a file. Selection of the option to save data 

to a file produces the prompt for a file name similar to the input data file 

prompt shown in Figure 25. The program will create a new file under the spec- 

ified name and write the current input data to it, in the correct format for 

an input data file. 

111. Intermediate Droeram calculn~ions. If the option to save interme- 

diate calculations is selected (choice F on the aain menu), a file name reust 



be entered at the prompt. Into this file will be written the correction 

factors, chart values, and other calculations used in each settlement method 

to compute the final settlement shown. An example of these intermediate ca l -  

culations is listed with the CSANDSET output for Example Problem 1 of 

Appendix A. . 

112. Exit Drorram. Press the enter key at choice G on the main menu, 

Figure 24, to leave the program and return to the computer operating system. 

Pre~aration of In~ut Data File for CSANDSET 

Data sections 

113. In the input guide to follow, data is described by the sections 

listed: 

a. Title. - 
b. Footing description. 

E. Soil description. 

d. Optional data (optional). - 
e.  Soil layer data (optional). 

f. Ending. 

114. The first three and the last sections are the required data. The 

other two sections, as noted, are optional. 

115. For each data section, there is always a command line and some- 

times additional data lines. The command line must begin with the four-letter 

command word for that data section. There may or may not be other data items 

on the command line. The command and data lines are boxed in this guide for 

easy recognition. 

116. In CSANDSET, data items which are "depths" should be entered as 

positive numbers, increasing downward. They are measured from the ground 

surface to the boundary in question. 

Svntax 

117. The data file syntax is the language used in this input guide to 

describe how the data for a file should be written. 

a. Brackets, [ ] , are used to indicate that the enclosed - 
characters are optional data items. Therefore, you may choose 
whether or not to enter the data shown in the brackets. Do 
not enter the brackets. 



ge Quotation marks, " " , around underscored words indicate that 
the word is to be typed as s h o n ,  without the quotation marks 
or underscore. m e s e  are command words. 

L. The date file is typed line-by-line using the command word and 
data line format shown in this guide. Line numbers are not to 
be used. 

4. All data entry is in free-field format. Enter at least one 
blank space to separate data items on a line. Do not use com- 
mas or any other characters to separate data. 

2. English units are used in CSANDSET. Units vary from one data 
item to another, therefore, be sure to use the proper units 
for the data as noted in this guide and on the program 
screens. 

f. Notes about specific data items or their entry may be fisted 
below the data line descriptions. This is important informa- 
tion which should be read for proper understanding of the 
input data. 

g. A good way to learn the format for an input data file is to 
enter data interactively on the menus, then save it to a file. 

Inbut lines 

118. The following subparagraphs give a step-by-step description for 

writing an input data file. 

a. Title 

(1 9 Command Line. 

content: I 
definition: "TITL" - command word for title of analysis. 

(2) Data Line. 

content : xxxxxxx... LIzJ 
definition: any alphanumeric infomathon, up 60 65 

characters in length 

b. Footing Description 

(1) Command Line. 

content: , 

definition: "FOOTn - command word for footing data 
(2) Data Line. 

content : 



definition: B - footing width; short dimension (it) 
L - footing length; long dimension (f t) 
D - footing depth from ground surface (ft) 
Q - applied net loading pressure (tsf) 

r. Soil Description 

(1) Command Line. 

content : 

definition: "SOILn - command word for soil data 
(2) Data Line. 

content : SPT CPT GAM CAMS KO H W 

definition: SPT - uncorrected SPT blowcount value, 
average from D to D + B 
(blows/£ t) 

CPT - cone penetration test value, average 
from D to D + B (tsf) - 0 ,  if not available 

CAM - total moist or dry soil unit weight 
(pcf) 

GAMS - saturated soil unit weight (pcf) 
KO - horizontal at-rest earth pressure 

coefficient (used in Oweis method) 

H - thickness of compressible soil, 
measured from the ground surface to 
the depth of a rigid layer (ft) 

W - depth to the water table from the 
ground surface (ft) 

d.  Optional Data. Default values are given and the results of 
using the default value are explained. 

(1) Command Line. 

content : I ["OPTN" GHN MAT TIME PRE] 

definition: "OPTN" - command word for optional data 
GHN - corrected blowcount from Gibbs and 

Holtz (1957) chart; used in the 
Alpan (1964) and D'Appolonia, 
D'Appolonia, and Brissette (1968) 
methods, (blows/ft) 



- 0, default: DgAppolonia, 
D'Appolonia, and Brissette (1968)' 
and Alpan (1964) settlements not 
computed 

MAT - 1 if foundation is a mat (five 
methods provide equations for mats) - 0, default: foundation is a spread 
footing 

TIME - period of time for which creep 
settlement factor is calculated in 
the Schmerrmann (1970) and 
Schmertmann, Hartman, and Brown 
(1978) methods (years) - 0, default: creep settlement factor 
not applied 

PRE - 1 if the soil is preloaded; used in 
D'Appolonia, D'Appolonia, and 
Brissette (1970) method for 
preloaded soil modulus - 0, default: soil is normally 
loaded. 

(2) Data Line. 

content : 
,- 

[ES PR OVER GAMW DR NCHG] 

definition: ES - elastic soil modulus used in Elastic 
Theory and Schmertmann (1970) and 
Schmertmann, Hartman, and Brown (1978) 
methods ( tsf) 
0, default: ES a 5 ( N  9 15) esf 

PR - Poisson's Ratio - 0, default: PR - 0.30 
OVER - effective overburden pressure 

corresponding to the SPT blowcount 
(psf - 0, defaule: OVER - GAM(D+B/2) 

C W  - unir weigh%: of wacef: or other fluid 
(pcf - 0, defaule: GAMW - 62.4 pcf 

DR - soil relative density (percent) - 0, default: computed individually in 
methods that use DR 

NCHG - 1 if sand is silty or very fine, and is 
saturated and dense; Terzaghi's blow- 
count correction, N, - 15 + 0.5(N 
- 15), is applied in methods that use 
it. - 0, default: soil conditions do not 

apply 



( 3 )  Notes. .-, 
(a) If the user desires a default value for any data 

item, enter zero (0) in the position of that data 
item on the line. The default value shorn above 
will be internally assigned to that variable. - - 

On the Command Line, only the command word "OPTN* is 
required. After this, enter up to the last value 
desired only. Defaults will be assigned to the rest 
of the data. For example, to indicate a mat founda- 
tion with all else default, only the command line 
with values for GHN and MAT need to be entered: 
"OPTN" GHN MAT. The line entered may look like: 
OPTN 0 1. The defaults for TIME and PRE will auto- 
matically be set. 

c )  If only the optional data items on the Command Line 
are to be entered, then the entire following Data 
Line may be omitted. Default values are assigned 
internally. 

(d) If only data on the Data Line is to be entered. the 
data items following the command word "OPTN" may be 
omitted from the Command Line. 

e.  Soil Layer Data (optional, defaults shown. See notes - 
paragraph 118e3) 

(1) Command Line. 

content : 

definition: "LAYE" 0 command word for soil layer data 

NL - number of soil layers to be entered 
(max. 20) 

(2 )  Data Line - -  one per layer, repeat NL times. 

BOT GAM CAMS SPT KO CPT OVER ES NCHG 

definition: BOT - depth from ground surface to bottom of 
soil Payer (St) 

GAM - total moist or dry unit weight of soil 
layer (pcf) 

GAMS = saturated unit weight of soil layer 
(pcf) 

SPT - uncorrected SPT blowcount value for 
the soil layer (blows/ft) 

KO - horizontal at-rest earth pressure 
coefficient (used in Oweis method) 



CPT - cone penetrometer test value for the 
soil layer (tsf) 
0, default: SgT converted to CPT in 
Schmertmann methods 

OVER - effective overburden pressure for SPT 
value (psf) - 0, default: OVER - effective unit 
weight times depth to midlayer 

ES - soil modulus for layer; used in 
Schmertmann method if entered (tsf) - 0, default: computed by CPT or SPT 
relation to E in Schmertmann method. 

NCXG - 1 if layer is silty or very fine sand, 
and is saturated and dense. Used in 
Schmertmann to convert SPT to CPT if 
CPT not entered. - 0, default: soil conditions do not 
apply 

(3) Notes. 

(a) The value of BOT of the last (lowest) soil layer 
must equal the value H , the depth of the compres- 
sible zone, entered in the soil data section. 

(b) For more accurate results a layer should be defined 
at: 

. The level of the groundwater table (if 6 PI). 

2. The depth D + B / 2  . 
(c) If all the properties of one soil layer are the same 

as those of the immediately preceding layer, just 
enter BOT "Un, for that line, and all values of 
the remaining data items for that layer will be 
equated to the values of the data items for the 
preceding layer (except for overburden which is cal- 
culated). An example is shown in the sample data 
file of Figure 37. 

f. End of Data Entry 

Command Line. 

content: I 
definition: "END" - command word for end of data. 

119. Figure 37 is an example data file showing the use of different 

input options. 

120. Figure 38 sllows an example footing with the general dimensions and 

terms listed as they arc used in the input guide for footing and soil data. 

Figure 39 shows the tenas for a layered soil system. 



...................... TITL (command word) 

EXAMPLE DATA FILE FORMAT . . (title information) 
FOOT ......................( command word) 
12 20 5 2.2 ...............( B L D Q )  

S O I L  .......-..............( command word) 
18 0 100 116 0.5 30 1 1 . . . ( S P T  CPT GAM GAMS KO H W) 

OPTN 42 0 0 1 .............( command word, GHN MAT TIHE PRE) 

250 0 0 0 67 0 ....... ( E S P R O V E R G A M W D R N C H G )  

LAYE 4 .................... (command word, NL) 
11 100 116 18 .5 0 0 0 0 . . ( B O T  GAM GAMS SPT KO CPT OVER ES NCHG) 

20 100 116 22 .5 0 0 0 1 ..(layer 2) 

25 SAME ...................( layer 3, same properties as layer 2) 
30 100 116 21 .5 0 0 0 0. ..(layer 4) 

END .......................( command word) 
Figure 3 7 .  Example data f i l e  

Figure 3 8 .  Example footing showing dimensions and 
terms for  required input data 



Figure 3 9 .  Example problem showing dimensions and terms for 
a layered s o i l  system 
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APPENDIX A: EXAMPLE SETTLEMENT PROBLEMS 

Hand Calculations and Verification of CSANDSET 

1. Three example settlement problems are presented in this appendix. 

Each is slightly different from the others to show different aspects of set- 

tlement calculation. A paragraph and figure describe each example, hand cal- 

culations from each of the methods are provided, and the results from the 

CSANDSET computer program follow. The calculations follow the procedures 

outlined in Part I11 of the main text. 

2. Problem 1 shows more detailed calculations than Problems 2 and 3. 

The charts used to obtain values for certain methods are included in the hand 

calculations for Problem 1, but are referenced only in Problems 2 and 3. Some 

of the hand calculated values are carried out to more decimal places than may 

be considered practical. This is done only to provide a better comparison 

with the CSANDSET computer program calculations. Slight differences between 

hand and computer calculations are mainly due to discrepancies between the 

values chosen from graphs and curves. Sometimes, small differences in a vari- 

able, such as the alpha value in Alpan's (1964)* method, can produce notable 

changes in the computed settlement. In the Oweis (1979) method many charts 

and curves are used, thus it is possible for cumulative errors to result if 

one is not careful and consistent in selecting values. 

3 .  The following symbols used in the problems are assigned the defini- 

tions and units listed: 

B - footing width (ft) 
L - footing length (ft) 
D - footing depth (ft) 
q - net applied pressure at footing base (tsf) 
N = average field blowcount for a distance equal to B below the 

footing base (blows/ft) 
q, - cone penetrometer test value (tsf) 
X - depth to incompressible stratum from ground surface (it). If 

not known, assume at least D + 2B . 
W - depth to groundwater from surface (ft) 
7 - total (unsaturated) soil unit weight (pcf) 

yrated - saturated soil unit weight (pcf) 

-- 

* A list of references follows the main text of this report. 

A1 



problem 1 

4. This is an example of a fairly simple problem The footing is 

located at the ground surface (no embedment), and there is no groundwater 

present within the range of two times the width below the footing. The length 

is roughly m i c e  the footing width. Dimensions and parameters are s h o w  in 

Figure Al. Table A1 lists the hand-calculated settlements from all the 

methods. Figures A2 through A7 show screens from the CSANDSET computer pro- 

grlm for che input. settlement calculations. and intermediate calculations of 

Problem 1. 

B - 15 ft* 
L - 32.8 ft 
D - 0.0 ft 
q - 0.49 tsf 
N - 10 bl/ft 

q, - 40 tsf 
7 - 110 pcf 
H - 40 ft 
W - 40 ft (assumed) 

N = 10 bl/ft 
q,= 48 tsf 
y = 110 pcf 

Figure Al. Example problem 1 (Jeyapalen 1982) 

* A table of factors for converting non-SI units of measurement to SI 
(metric) units is on page 6 of the main text. 



a. Terza~hi and Peck ( 1 9 4 8 .  19671  

[ S = 0 .517  in. 1 

p' I 7 [ D  + :] = 1 1 0 p c t ( 0  + 7 . 5  fr) = 825 p s t  = 5 . 7 3  p s i  

S = 0 . 4 9  tsf J i3~1 . ] l  1; ~~7 



Correct blowcount for overburden pressure with ~lpan's form of 
Gibbs and Holtz (1957) chart. N - 10 , p' - 5.73 psi (para- 
graph 4b), use Figure 9a (main text): 

SPT Blorcounl - N 

Use Figure 10a (main text) to get a . 

a = 0.108 in. - fr2 
ton 

& 30 Y SO 60 80 6- 

N -- Blowcount 



Use Figure 11 (main tex t )  t o  get  shape factor, m . 





x 0.490 - i 11 - 2(0.3)1 (o.llg) 

(1 - 0.3) - 0.0056 ft - 0.0677 in. I 
(4) S,, - settlement at center of flexible footing on fm, 

layer - S, - (4s') - 0.989 in. -(4)(0.0677 in.) 

-- 

( 5 )  Sd - average settlement of flexible footing on finite 
layer 

- 0.848 S,. 

S,, - settlement of rigid footing on finite layer 

g. P'A~~olonia. D'A~volonia. and Brissetts (1968). 

N, - 28 (Gibbs and Holtz (1957) corrected blowcount) 

f. D'Apvolonia. D'Apoolonia. and Brissette (19701. - 

I - POPI , from Figure 13 (main text) 

P o  - 1.0 (D/B - 0) 





g. peck and Bazaraa (19691 

Cd ' 1.0 , cr ' 1.0 

Correct blowcount for overburden 

p' = -I + ;] = 110 pcf ( 7 . 1  it) = 825 psf = 0.825 ksi 

4N = &(lo) = 15.1 "~"1- 1 + 2(0.825k sf) 

S = B(0.49 15.1 crf) ( I 5  ft]' rn 

S = 0.228 in. 

h.  Schmertmann (1970) 

Assume uniform layer - constant E ,  over depth of 28. There- 
1, - 0.6B - 

fore, the sum of the terms Zi - 
E* 

i 
E s  

E, = 2 q, = 2(40 tsf) = 80 tsf 

c,, = 1.0, ct = 1.0 





Is - intercept = - l] + 0.1 5 0.2 T U B  

Point 3 

Compute E, : 

= 2.63 < 3.5 

E, = 2.63(40 tsf) = 105.2 t s f  

Constant E, with depth, .'. sum area under curve 

TOTAL = 0.7 13B 





Q = gross contact pressure = net + 7D 

q = 0.49 tsf r 0.478 kg/cm 

Use Figure 17 (main text), L / B  , and 

B - 15 ft (12 in./ft) (2 .54  cm/in.) - 457 cm , 

to get F, factor 

Check reduction factor: D, = H - D = 40 ft 

= 40 ft = 2.67 > 2 . 0  :. Reduction not needed 3 T5ff 

(L so 100 rm iooo so00 1 0 . m  

Foundatron Width 





. ~ A V F A C  (De~artment o f  the Haw 1 9 8 2 1  

Compute r e l a t i v e  density from Bazaraa (1967), paragraph 8 4 ,  in main 
t e x t .  

p' = 7 1 + ;] = 110 pef = 0.825 ksf  

Use Figure 22 (main t ex t )  and D, = 43 .4% t o  ge t  K,, 

K,, = 105 t c f  

Relative Density D,. (7.) 





The following steps (2 through 12) are performed to calcu- 
late settlement of the top sublayer under the center of a 
flexible footing . 

( 2 )  Correct blowcount at middepth: 

p' - ~(1.875 ft) - 110 pcf(1.875 ft) 

- 206.25 psf - 0.206 ksf 

(3) 0,' at mid-depth - p' - 206.25 psf 
(4) Mean effective normal stress: 

+ 2(0'5) (206.25 psf) =7 

= 137.5 psf 





(8) Settlement factors: Use Figure 20 (main text), and 

= 0.50 , to get Fi,, and Fi 

Settlement Factor, F 

For top layer, i - 1: 
Fi-1 - 0 
F, - 0.158 

0.158(0.49 tsf) 
Ql qB = 

A 1  = 3- = 0.0003197 = 0.032% 
1 m u  

(10) Use Figure 21 (main text) and A l  , to get the ratio [&Il 













Footing Data 
r 

I I Title = Example Problen 1 

I I B  = 15 FEET 

I =32.8 FEET 

D = 8 FEET 

0 = 8.49 TSF 1 
<Esc> to exit. 

<Q> Applied Net Pressure At Footing Base 

Figure A 2 .  Input data for footing of Problem 1 

Blous Per Foot 

<RIGID tAYER) 

Hunber of Soil Sub-Layers 1 

figure A3. Input data for soil of Problem 1 





r 

SUHHARY FOR 
ALL BETHODS 

Center 0.75 
Average 8.63 

 fro^ auerage: 

Rigid 0.19 
Center 8.37 

Figure A6. CSAh'DSET settlement calculations 
for Problem 1 





D8APPOLOW1A-1970: 

. COWPRESSI~~LITY ~ U L U S  = m.10 rsr 
FACTW - W) = 1 .CO 

FACTOR - UI a .n 

UUF SOIL LAYER;CO)(SThNT HOOULUS = 110.00 TSF 

AREA UNDER STRAIN FACTOR DIAGRAM = 0.68 = 9.00 

0 1.00 

T l PE  FACTOR = 1 .OO 

TKREE POINTS OF THE 1NFLUENCE D I A W :  

(12-AXIS INTERCEPT,O) ( .113,0) 

(12-PEAK, Z/B - PEAK) ( .602, .57) 

(0, Z/B - MAX) = (0, 2.26) 

W E  SOIL LAYER;CWSTART WODULUS = 105.27 TSF 

AREA UNDER STRAIN FACTOR DIAGRAM = 10.71 

SCHULTZ L SHERIF: 

SETTLEMENT FACTOR = 9.8 

STRATUM < 2B REDUCTION FACTOR = 1.00 

a =  1.00 

Figure  A 7 .  ,(Sheet 2 of 4 )  





( A l l l ,  (0) 40.00, (E)  4193.8, (0) 7.5 (E)  2T95.8 
F .02, . r i ,  .02, ( G )  40.05 
(H) 2126.8, 2123.1, 2124.3, (I) 7 ,  .&I, -54 
(J) .01, .oo, 0 K .001, .001, .001 
( L )  1.001, 1.000, .999, (W) 2128.7, 2123.1, 2121.8 
( N l  .000, .ooo, .001 

NAVFAC: 
REL. DENSITY = 43.44 X 
RDULUS = 104.91 TSF 

C V =  1.m 

Figure A 7 .  (Sheet 4 of 4 )  





a. T e r z a ~ h i  and Peck (1948. 1967) - 

Cw = 1.0, footing not submerged. No correction given for embedded 
footings unless fully submerged. 

Correct blowcount for saturated, dense silty sand at D + 
B 
' 2 -  

N, = 15 + 0.5(N - 15), for N > 15 . 

N = 11 , therefore do not use correction. 





Correc ted  Blowcount from Gibbs and Hol tz  (1957) curve .  F igure  11 
(main t e x t ) ,  N, = 26.5.  

Co r r ec t  t h i s  f o r  s a t u r a t e d ,  dense ,  s i l t y  sand: N,, = 15 + 0 .  5(Nc - 15)  

NC2 = 15  + 0 .5(26 .5  - 15)  = 20.75 

Use F igure  9 (main t e x t )  t o  g e t  a . a = 0.165 

C, = 1 . 0  . Correc t ion  a p p l i e s  t o  water  a t  f o o t i n g  ba se .  

S = (0 .165) (1 .1  t s f )  
[20 

d .  E l a s t i c  Theory - 

Use Table  7 (main t e x t ) ,  and 73 = 1 . 0  ; Icmntmr = 1.122 

-y = 0 .30  

C, from FOX'S c h a r t ,  F igure  12 (main t e x t ) .  Cd = 0 .775  

5, = ( 1 . 1  t s f ) ( l O  f t )  130 - 0.302) t s f  (1 .122) (0 .775)  = 0.0670 f t  





S = (1.1 tsf) (10 ft)0.602 , 0.023 ft 
285 tst 

g. peck and Bazaraa (1969) 

p. = 4 + ;I] = 110 pcf(5 ft + 5 ft) = 1,100 psf = 1.1 ksf 

(110 pcf)(5 ft) ]-7""1 (1.1 tsf) .- 

u/ (dry) @ D + B = 110(10 ft) , 1.0 

S = E(l.1 1 3 . 1 5  tsf) [nl2 10 ft (0.80) 





q, = 2N , for silty sand 

= 2(11) = 22 

E, = 2.5(22) = 55 tsf 

E,  is constant over depth below the footing, therefore 
C (I,) z - area under the strain-influence diagram. 
Construct strain-influence diagram 

Point 1 

I ,  - peak = 0.5 + 0.1 J + 
p' = r ( D  +Z,) = llOpcf(5 ft + 5 ft) = 1,100 psf 

Iz - peak = 0.5 + 0.11 - 





S = (1.1 tsf) (0.875) (0.666) (10 ft) , 0.1166 ft 55 tsi 

. Schultze and Sherif (19731 

Q = gross pressure = q + 7D = 1.1 tsf + (110 pcf) I5&.0-45 ft) 

= 1.375 tsf 

Use Figure 17 (main text) and B = 10 ft 

= 304.8 cm , to get F c  





S = 1.1 tsf 
11(13.22)@.833) 

n. NAVFAC DM 7.1 (Department of the N a w  (1982)) - 





Smdg,- 0 . 2 7 2  in. 

Srisid - 0.602 in. 
The calculations for this example are recorded on the chart from the 

main text (Table 11) on the following pages. 









Table  A2 

Summan of Results from Hand Calculations of Problem 2 

Method Settlement ( i n . 1  

Terzaghi and Peck (1948, 1967) 0.87 

Teng (1962) 0.32 

Alpan (1964) 0.60 

Elastic Theory - rigid 
center (flex. ) 
average (flex.) 

D'Appolonia, D'Appolonia, and Brissette (1968) 

D'Appolonia, D'Appolonia, and Brissette (1970) 

Peck and Bazaraa (1969) 

Schmertmann (1970) 1.58 

Schmertmann, Hartman, and Brown (1978) 

Schultze and Sherif (1973) 

Meyerhof (1974) 0.96 

Peck, Hanson, Thornburn (1974) 0.91 

Bowles (1977, 1982) 0.76 

NAVFAC (Department of the Army (1982)) 

Oweis (1979) - rigid 
center (flex.) 
edge (flex.) 





Problem 3 

6. This example shows a square footing near the ground surface with a 

distant water table (>4B). Three values from the blowcount and cone 

penetrometer tests are available from three different depths in the soil below 

the footing. This is useful for describing soil layers in the Schmertmann 

(1970), Schmertmann, Hartman, and Brown (1978), and Oweis (1979) methods. 

However, for the majority of methods which do not use the layer technique, an 

average value must be used. In this example, weighted values of the SPT and 

CPT test values are computed for this purpose. Dimensions and parameters are 

shown in Figure All. Table A3 lists the hand-calculated settlements for all 

the methods. Figures A12 through A14 show the CSANDSET input screens for 

footing, soil, and optional data. The soil layer input shown in Figure A15, 

the input listing,in Figure A16, and the output in Figure A17 correspond to 

the layers used in the hand calculations for Schmertmann (1970) and 

Schmertmann, Hartman, and Brown (1978). Figures A18 and A19 show soil layer 

input and CSANDSET output for Problem 3 using soil layer data corresponding to 

the hand calculations for Oweis (1979). 

Data for Problem 3 

B - 8.2 ft 
L - 8.2 ft 
D - 0.23 ft 
q - 1.024 tsf 
N - 7.5 bl/ft at 3 . 3  ft 

- 12. bl/ft at 6.6 ft - 1 3 . 5  bl/ft at 9.8 ft 

q, - 63.25 tsf at 3 . 3  ft 

- 7 2 . 4 1  tsf at 6.6 it - 63.85 tsi at 9.8 ft 
H - 40 it (assumed) 
W - 38.4 it 
-y - 96 pci 





Calculate a weighted N-value from the assumed ~ - ~ r ~ f i l e  over the depth 

D - B - 8.2 ft. 

4.95 ft 1 .  blow] + 3.25 it t2 b;;~] = 9 . 3  blows 
N +  'BTTT~- ft S I Z f t  Et 

4 ' 9 5  ft ( 6 3 . 2 5  tsf) + .= (72.41 tsf) = 6 6 . 8 8  tsf cpT + TTnT- t 

Average N = 9.3 blows/ft 

Average CPT = 6 6 . 8 8  tsf 





S = 0.094(1.024 tsf) 
' 1 4  

d.  Elastic theory 

E = 5 ( N  + 15) = 5(9.3 + 15) = 121.5 tsf 

7 = 0.3 

= 40 ft = 4.88 , Consider layer a finite compressible stratum B 37-E 

c, = 1.0 

I = 1.122 from Table 7 (main text) , for center of flexible footing 

S, = 1.024 tsf (8.2 ft) 
- 

(1.122) = 0.0706 ft = 0.847 in. 
121.5 tsf 

S, = 0.848 Sc = 0.848(0.847 in.) = 0.718 in 

S, = 0.93 Sc = 0.93(0.847 in.) = 0.788 in. 





f .  p'Awolonia. D'A~volonia. and Brissette (19701 

From Figures 13a and b (main text). po = 1 . 0  
= 01 

I = 0.67 

From Figure 14 (main text), H = 272 tsf 

s = (1 .024 tsf)(8.2 ft)(0.67) = 0.0207 ft 
2/2 tsf 

g. Peck and Bazaraa (19691 





Layer 
i - 

2 B  - 0.6' STRAIN-INFLUENCE DIAGRAM 

96 p c f ( 0 . 2 3  t t l  

1 . 0 2 4  tsf ~*] 
C f t ]  = 0.03777 it S = ( 1 . 0 2 4  t s f )  ( 0 . 9 9 5 )  .03707 
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= [' - 1) + 0.5 d 1.0 T T B B  

~ 0 . 5  :. Z1 = 0.5B = 4.1 ft 
T 

I, - peak = 0.5 + 0.1 

p' = -y(D + 2,) = 96 pcf (0.23 it + 4.1 ft) = 415.68 psf 

= 0.2078 tsf 

I, - peak = 0.5 + 0.1 1 1..024 0 / 8  tsf tsf . 0.722 

P o i n t  2 

I, - intercept = [L - 1) + 0.1 r 0.2 TU B 

P o i n t  3 





= (1.024 tsf) (0.995) (0.03701 ft/tsf) = 0.03771 ft 

Sim~lified: Assme q, is constant at average - 66.88 tsf over 
the strain-influence diagram. 

E, = 2.5qC = 2. S(66.88 tsf) = 167.20 r s f  

area under curve 
E, 

(0.722)(2.0 - 0.5)B = 0.5415B -2 

Total = 0.747B 





B = 8.2 ft(12) = 98.4 in. 

S = 1.024 tsf 2 ( 9 . 3 )  498.4 in. (0.993) 

1. Peck. Hanson. and Thornburn (1974) 

pt = T ( O  + ;] = 96 pcf(O.23fr + 4.1 f r )  = 415.68 psf 

= 0.2078 tsf 

Nc = 0.77 l og  T,-~ (9.3) 1 
= 14.2 

C,, = N . A .  





C = 4 . 0  , for B C 20 f t  

C,, = 1 . 0  (N.A.) 

Use Figure 22 and D, t o  get  & 

p* - 7 + ;] = 96 pcf (0 .23  f t  + 4 . 1  f t )  

= 415.68 psf  

= 0.416 ksf 

From Figure 22 (main t e x t ) ,  K, - 126 tsf 

S = 4.0(1 .024 tsf)  
126 t c f  

I S = 0.309 i n .  I 

Divide stratum into 'n' sublayers for a  depth of  2  to  2 . 5 8  
below the foot ing .  













Title = Example Pmblen 3 

=EL23 FEET 

= 1.824 TSF 

<Esc> to exit. 

Figure A12. Input footing data for Problem 3 

Figure A13. Input soil data for Problem 3 

< 

Soi 1 Data 
i 

SPT = 9.3 Blous Per Foot 

CPT = 66.88 TSF 
I---- 

GRH = 96 PCF 

GAtlS 96 PCF 

KO = 0.5 <RIGID WIYER) 

H = 40 F E E  

U = 38.4 FEET 

Nunber of Soil Sub-Layers 4 

<Esc> to exit. 

(nax. 28) For Oueis and Schnert. methods. Enter 1 if no layers ' 





CSANDSEI - INPUT DATR 
Title: Example Problem 3 
Footing Data: Optional Soil Data: 
Uidth = 8.28 Ft Gibbs & Holtz Bloucount = 31.80 BWFT 
Length = 8.28 Ft Creep Factor Timt = 8.88 Year<s> 
Depth = 8.23Ft Elastic Hodulus = 0.00 TSF 
Pressure = 1.82 TSF Poisson's Ratio = 8.30 

Bloucount Overburden = 415.68 PSF 
Soil Data: Uater Unit Ueight = 62.40 PCF 
Bloucount = 9.38 Blmt Soil Relative Density = 8.88 % 
Cone Penetrometer = 66.88 TSF 
Unit Ueight = 96.88 PCF l - y ~ ? ~ ,  e-m: 
Sat'd Unit Ueight = 96.88 PC€ Hat Foundation = 8 
Horiz. Earth Pressure = 8.58 PreloadedSoil = 8 
Depth To Rigid Layer = 40.80 Ft Sat'd, dense, fine sand = 8 
Depth To Uater = 38.40 FT 

I I <~rc> to continue. II 
a. Footing, soil, and optional data 

LAYER BOT G M  G A B  SPT CPT KO OUER ES 
4.33 96.8 96.8 7.5 63.3 8.50 218.9 8.8 
5.18 96.8 96.8 7.5 63.3 0.50 456.5 8.8 
8.38 96.8 96.8 12.8 72.4 8.58 658.9 8.8 

4 48.88 S6.8 96.8 13.5 63.8 8.58 2322.2 8.8 

b. Soil layer data 

Figure A16. L i s t i n g  of all input data for Problem 3 





Figure A 1 8 .  Input soil layer data corresponding to hand 
calculations for Owais (1979) method 

I 

1 Mtnod Settlement <in.) 
A. Terraghl 1.84 
8.  Tenq 0.26 
C. Alpan 8. JB 
D. Llastlc Theory: Rigid 8.78 

r 

Center 0.75 
b a g s  0.64 B 

E. D' Ippolonia C1968) 0.21 
F. D' Pppolonia <1378) 0.24 
f. Baxaraa 0.31 
H. Schrrertrunn <I=> 0.46 
I. Schmertmann <1378> 0.46 
J. Schultz S Zhmlf 0.33 
K. m * . o i  e. H 
L. Peck, knson, Thornburn 0.65 
N. Boola 8.69 
n. wwnr on 7.1 I 8.38 
0. OMls: Rlgld 0.52 

I Center 0.85 
Edge 0.2s 

Entar <Esc> to return to the main menu. 

L 

Figure A19.  L'S?&:GSET settlement cnlculations with soil 
layers input for Odeis ( 1 9 9 )  hand calculations 





APPENDIX B: NOTATION 

n 

N 

Nc 

OCR 

P' 

Width of footing, smaller dimension 

Empirical constant used in some settlement equations 

Settlement correction factor for footing embedment 

Blowcount correction factor for overburden effects 

Schmertmann's (1970) factor for time effects (creep) on settlement 

Settlement correction factor for groundwater effects 

Cone Penetrometer Test 

Depth of footing embedment from ground surface 

Relative density 

Elastic modulus of soil 

Maximum .modulus of soil layer computed in Oweis (1979) method 

Elastic modulus of soil computed from qc in the Schmertmann (1970) 
and Schmertmann, Hartman, and Brown (1978) methods 

Settlement factor in the Schultze and Sherif (1973) method 

Thickness of compressible stratum, from ground surface to rigid base 

Individual soil layer 

Influence factor used in elastic methods 

Strain influence factor used in the Schmertmann (1970) and 
Schmertmann, Hartman, and Brown (1978) methods 

Influence factor for elastic settlement of finite stratum 

Influence factor for elastic settlement of finite stratum 

Coefficient of horizontal earth pressure, at rest 

Modulus of vertical subgrade reaction in the NAVFAC DM 7.1 (Depart- 
ment of the Navy 1982) settlement method 

Length of footing, longer dimension 

Modulus of compressibility used in the D'Appolonia, D'Appolonia, 
Brissette (1970) method 

Settlement correction factor for footing shape in the Alpan (1964) 
method 

Total number of soil layers in the subdivided compressive stratum 

Field blowcount from SPT 

Corrected blowcount 

Overconsolidation ratio 

Effective overburden pressure usually at depth D + B/2 , see context 
of use 

Full (gross) pressure applied to footing 

Net applied contact pressure on footing base 





0,' Effective overburden pressure 

e Settlement factor in the Oweis (1979) method 
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