
SOILS 
Symbols 

• strain 
mass density 

specific weight 
• normal stress 

angle of internal friction 
• shear stress 

angle of principal stress plane 

Subscripts 

A axial 
B borrow 
c compressive 
d dry 
eq equilibrium 
f final 
F fill 
g air 
i ith component, or initial 
n unconfined 
o consolidated 
R radial 
s soil 
sat saturated 
t total 
u ultimate 
uc ultimate compressive 
us ultimate shear 
v void or volumetric 
w water 
z zero air voids 

g/c m3  or 
lbm/ft 3  

lbf/ft 3  
psi 
degrees 
psf 

1 CONVERSIONS 

multiply by 
centimeters 0.3937 
centimeters squared 0.155 
cubic yards 27 
cubic yards 202.2 
dynes EE-5 
cubic feet 7.48 
cubic feet 0.03704 

to obtain 
inches 
square inches 
cubic feet 
gallons 
newtons 
gallons 
cubic yards 
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ent's line back up. The subdivision is in a flood plain 
and the sewer lines are very flat and cannot be steep-
ened. The rim on the manhole cannot be raised. 
(a) Give two solutions to this problem. (b) Sketch a 
plan view showing what your solutions would look 

like. 

2. A high-rate, two-stage trickle filter system proc-
esses 5.2 MGD of sewage with a 5-day BOD of 320 
mg/I. The effluent is to have a 5-day BOD of 28 mg/I, 
within a ± 20 mg/I range. (a) What is the final BOD 
of the effluent? (b) Determine the required filter size 
(diameters). Both filters have the same size. 

hydraulic load to filter: 32 mgad including recycle 
30% BOD removal in primary clarifier 
filter depth: 5 feet for both filters 
Use NRC standards. 

IN OUT 

3. A town has a current population of 10,000 and 
is expected to double in size in 15 years. The town 
has plans to deposit its solid waste in a 30-acre land-
fill that will be used as a park in 20 years. (a) De-
scribe the general requirements for a sanitary land-
fill. (b) What factors should be considered in select-
ing a site? (c) If the average person generates 5 
pounds of solid waste per day, how long will it 
take to produce a 6-foot lift? Hint: The town con-
tinues to grow after 15 years. 

4. A town of 10,000 people has selected a 50 acre site 
to deposit its solid waste. The minimum side borders 
are 50 feet. The maximum trench depth is ± 20 feet. 
There is a minimum requirement of 10 feet of earth 
cover for the lift. (a) What is the service life of the dis-
posal site? (b) What is the daily annual solid waste 
volume? (c) What is the volumetric capacity of the dis-
posal site? (d) Discuss the environmental consider-
ations relating to traffic, pollution, aesthetics, and 
other factors. 

5. A town of 10,000 people has its own primary 
treatment plant. (a) What mass of total solids (in 
pounds per day) should the treatment plant 
expect? (b) If the town is 4 miles from the treat-
ment plant and 400 feet above it in elevation, 
what size pipe should be used between the town 
and the plant? 

6. A small community has a projected flow of 1 MGD. 
Incoming wastewater has the following properties: 

BOO of 250 mg/I 
grit specific gravity of 2.65 
total suspended solids of 400 mg/I 

The community wishes to have a wastewater treat-
ment system consisting of an aerated grit chamber, 
primary clarification, two trickling filters, and a sec-
ondary clarifier. The final effluent is to have a final 
BOD of 30 mg/I. The recirculation ratio of the system 

is 100%. (a) Size the aerated grit chamber. (b) Deter-
mine the air requirements for grit chamber in order to 
capture 95% of the grit. (c) Size the primary clarifier. 
(d) Size the trickling filters in acre-feet. (e) Size the 
secondary clarifier. 

7. Wastewater enters the recirculating biological con-
tactor (RBC) treatment process shown with 250 mg/I 
BOD at the rate of 1.5 MGD. The ABC removes a frac-
tion of the incoming BOD. 

1  
Fraction BOO removal in RBC — [1 	13 

(expressed as a decimal) 

k = 2.45 gPd  
ft2  

Q does not include recirculation 

(a) Find the area of the RBC such that BOD ou, is 
30 mg/I. (b) Find the recirculation ratio such that the 
BOD., is 30 mg/I. Keep the RBC area the same as in 
(a). (c) Find the sludge volume produced from the 
clarifiers if the yield is 0.4 lbs/lb BOD removed. S.G. 
of raw sludge - 1.0. (d) What is the organic loading to 
the RBC under the flow scheme outlined in part (a)? 

trickle 	secondary 
filter 	clarifier 	 clarifier 

	BOD
2 

"---IBOD
3

' 	 kw, 
1 75 ft diameter 	 BOD 

6 ft deep 	
out 

solids 
)11  collection  4(  

& disposal 

recirculation ratio = 0.5  

Nomenclature 

A 	area 	 various 
• cohesion 	 psf 
C, 	compression index 
• uniformity coefficient 
C z 	coefficient of curvature 
CBR California bearing ratio 
• diameter 	 mm 
• void ratio 
• percent passing through the sieve, 

or shape factor 	 -, various 
GH 	hydraulic gradient 
• head 
	 cm 

Id 	density index 
Ig 	group index 
Ii 	liquidity index 
Ip 	plasticity index 

coefficient of permeability 	cm/sec 
• flow path length 
	 cm 

• porosity 
• number of blows 
• pressure 	 psi 
• load 
	

lbf 
PPS percent pore space 

flow quantity 	 cm3 /sec 
• radius 	 various 
• overconsolidation ratio, or 

Hveem's resistance 
• degree of saturation 

strength 
	 psi 

SG 	specific gravityl 
time 	 seconds 

• velocity 	 cm/sec 
✓ volume 	 CM

3 

water content 
weight 	 grams 

wi 	liquid limit 
plastic limit 

As a peculiarity of soils engineering, the specific gravity is usu-
ally given the symbol G, as opposed to this book which uses SG 
throughout. 



Table 9.1 
Soil Classification by Particle Size 

sizes (mm) 

System date gravel sand silt clay 
Bureau of Soils 1890 1-100 0.05-1 0.005-0.05 <0.005 
Atterberg 1905 2-100 0.2-2 0.002-0.2 <0.002 
MIT 1931 2-100 0.06-2 0.002-0.06 < 0.002 
USDA 1938 2-100 0.05-2 0.002-0.05 < 0.002 
Unified (or AC) 1953 4.75-75 0.075-4.75 < 0.075 
ASTM 1967 4.75-75 0.075-4.75 <Q.075 
AASHTO 1970 2-75 0.075-2 0.002-0.075 0.001-0.002 

percent silt 

Figure 9.1 USDA Triangle Chart 

'oo  
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feet/min 0.508 cm/sec 
gallons 0.1337 cubic feet 
gallons 4.95 EE-3 cubic yards 
gallons of water 8.345 pounds of water 
grams/cubic 62.428 pounds/cubic 

centimeter foot 
inches 2.54 centimeters 
square inches 6.4516 square 

centimeters 
kilograms 2.20462 pounds 
newtons 0.22481 pounds 
newtons EE5 dynes 
pascals 0.145 EE-3 psi 
pounds 0.4536 kilograms 
pounds 453.59 grams 
pounds 4.448 newtons 
pounds/square inch 144 psf 
pounds/square inch 6.894 EE3 pascals 
pounds/cubic grams/cubic 

foot 0.01602 centimeter 

2 DEFINITIONS 

Admixture: Material added to soil to increase its work-
ability, strength, or imperviousness, or to lower its 
freezing point. 

Adsorption: Absorption characterized by a higher con-
centration of water at the surface of the solid than 
throughout. 

-Adsorbed water: Water held near the surface of a ma-
terial by electrochemical forces. 

Aggregate: A mixture of various soil components (e.g., 
sand, gravel, and silt). 

Bentonite: A volcanic clay which exhibits extremely 
large volume changes with moisture content changes. 

Caisson: An air- and water-tight chamber used to work 
or excavate below the water level. 

Catena: A group of different soils which frequently oc-
cur together. 

Cation: Positively charged ion. 

Dilatancy: Property of increasing in volume when 
changing shape. 

Fine: Combined silt and clay. 

Friable: Easily crumbled. 

Frost susceptibility: Susceptible to having water con-
tinually drawn up from the water table by capillary 
action, forming ice crystals below the surface (but 
above the frost line). 

Gap graded: Having large particles and small particles, 
but no medium-sized particles. 

Glacial till: Soil resulting from a receding glacier, con- 
sisting of mixed clay, sand, gravel, and boulders. 

Gumbo: Silty soil that becomes soapy, sticky, or waxy 
when wet. 

Horizon: Dividing line between layers of soil with dif-
ferent colors or compositions. 

Loess: A deposit of wind-blown silt. 

Normally loaded soil: A soil which has never been 
loaded to a greater extent than at present. 

Pycnometer: A stoppered flask with graduations. 

Pedology: The study of the soil constituting the upper 
4 or 5 feet of the earth's crust. 

Rock flour: Fine grained, rounded quartz grains with 
little plasticity, characteristic of glacial activity. 

Stratum: Layer. 

Thixotropic: Gradually increasing in strength as ab- 
sorbed water distributes itself through the soil. 

Till: See 'Glacial till'. 

3 SOIL TYPES 

Soil is an aggregate of loose mineral and organic parti-
cles. This definition distinguishes soil from rock, which 
exhibits strong and permanent cohesive forces between 
the mineral particles. 

Proper calculations for foundations and retaining walls 
require that the nature of the soil be known. This can 
be done either quantitatively or qualitatively. The pri-
mary components of any soil are gravel, sand, silt, and 
clay. Organic material can also be present in surface 
samples. If the soil is a mixture of two or more of these 
components, the soil is given the name of the consti-
tuent that has the greatest influence on its mechanical 
behavior (e.g., silty clay or sandy loam). 

Particle size limits for defining gravel and sand have 
been suggested, and these are given in table 9.1. 
Whereas sand and gravel are classified as coarse grained 
soils, inorganic silt and clay are classified as fine grained 
soils. The clay-silt distinction cannot be made on the 
basis of size alone. Silt possesses little plasticity and 
cohesion. Clay, on the other hand, is very plastic and 
cohesive. 

Clays may be distinguished from silts by using the fol-
lowing simple tests: 

Dry Strength Test:  Mold a small brick of soil and 
allow it to air dry. Break the brick and place a small 
(1/8") fragment between thumb and finger. A silt 
fragment will break easily, whereas clay will not. 

Dilatancy Test:  Mix a small sample with water to 
form a thick slurry. When the sample is squeezed, 
water will flow back into a silty sample quickly. The 
return rate will be much lower for clay. 

Plasticity Test:  Roll a moist soil sample into a thin 
(1/8") thread. As the thread dries, silt will be weak 
and friable, but clay will be tough. 

o 

Dispersion Test:  Disperse a sample of soil in water. 
Measure the time for the particles to settle. Sand 
will settle in 30 to 60 seconds. Silt will settle in 15 
to 60 minutes, and clay will remain in suspension for 
a long time. 

Organic matter can also be present in soil, and this 
presence can have a significant effect on the mechan-
ical properties of the soil. Organic material is classified 
into organic silt and organic clay. Generally, the greater 
the organic content, the darker will be the soil color. 



+ 0.01(F200 - 15)(4 - 10) 	9.1 

(Ip  = wi - wp ) 

F200 is the percentage of soil that passes through a #200 
sieve. The AASHTO classification system is given in 
table 9.2. A group index of zero is a good subgrade 
material. Group indexes of 20 or higher represent poor 
subgrade materials. 

Example, 9.I 

Determine the AASHTO classification of an inorganic 
soil with the following characteristics: 	 Y. 

soil size fraction retained on sieve - 	ra.5311  

1 IQ < 0.002 0.19 wi = 0.53 1- •19 

4-'v0.002-0.005 0.12  

al w0.005-0.05 0.36 wp  = 0.22 , 
0.05-0.075 0.04 F200 = 0.04 + 0.36 + 0.12 + 0.19 --,(46) 

= 0.71 
1,31/ 

0.075-2.0 0.29 , :: 
> 2.0 0 

Table 9.2  

Tv ivy--
, 

 

	

,_ ,.,;., 	! 	\ \ 	
f_
i..‘ _ „ 	 , 	 )0-4 T AASHTO Soil  Classification  System 

, 	' 0 	_ , 1-#= 	Classification procedure: Using the test data, proceed from left to right in the chart. 
V. 	The correct group will be found by process of elimination. The first group from the left 

- k EA 2  
%.--- 	

consistent with the test data is the correct classification. The A-7 group is subdivided into 

	

42 	A-7-5 or A-7-6 depending on the plastic limit. For plastic limit wp = wi - Ip less than 30, 

	

0, / f  _ 	the classification is A-7-6. For plastic limit wp  = wi - Ip greater than or equal to 30, it is 

	

A., ty\,/ 	A-7-5. NP means non-plastic. , 

T ti 	 ria w  

) Ki 
. , 	 . ,N 	A. k 	• 	, 

	

\ \ 	' 	gifanular materials 

	

yl 	, \t, (35% or less passing no. 200 
1 	

silt-clay materials 
(more than 35% 

) 

	

 
1

N' 	
(35% 

anular materials 
or less passing no. 200 

silt-clay materials 
(more than 35% 
passing no. 200 sieve) 

#.• 	 sieve) 
:-/- 

----A A-3 A-2 A-4 A-5 A-6 A-7 A-8 

A-1-a A-1-b A-2-4 A-2-5 A-2-6 A-2-7 A-7-5 
or 

A-7-6 sieve analysis: 
% passing  

c_no. gy -z.-ovt)v 4. 

no. 200),01€1417 ‘  . 

50 max 
30 max 
15 max 

50 max 
25 max 

51 min 
10 max 35 max 35 max 35 max 35 max 36 min 36 min 36 min 36 min 

characteristics of 
fraction passing 
no. 40: 
Wi: liquid limit 
Ip: plasticity index 6 max 

. 

l 	' 
NP 

40 max 
10 max 

41 min 
10 max 

40 max 
11 nun 

41 min 
11 min 

40 max 
10 max 

41 min 
10 max 

40 max 
11 min 

41 min 
11 min 

usual types of 
significant 
constituents 

stone fragments 
gravel and sand 

fine 
sand 

silty or clayey gravel and sand silty soils clayey soils 
peat, highly 
organic soils 

general subgrade 
rating 

excellent to good fair to poor unsatisfactory 

grained soil is given by equation 9.1. wi -40 and Ip  - 
10 may be negative. However, the group index, /9 , is 
reported as zero if it is calculated to be negative. For 
A-2-6 and A-2-7 subgroups, only the second term in 
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General soil classifications have been established by a 
number of organizations. The most common single in-
dex used in classification is particle size. The various 
classification schemes are presented in table 9.1. The 
actual classification of a soil will depend on the per-
centages of each constituent. For example, a soil might 
be classified as "4% gravel, 45% sand, 15% silt, and 36% 
clay (MIT)." 

One method of giving qualitative descriptions to the 
soil is by using the USDA triangular chart, figure 9.1. 
This classification ignores the presence of any gravel, al-
though the adjective 'stony' can be used in conjunction 
with the chart classifications. 

Since the qualitative description obtained from the 
USDA classification chart does not necessarily reflect 
the mechanical properties of the soil, other systems have 
been developed. The American Association of State 
Highway Transportation Officials (AASHTO) has de-
veloped a system based on the sieve analysis, liquid 
limit, and plasticity index. 

Soils excellent for roadway subgrade construction are 
classified as A-1. Highly organic soils not suitable for 
roadway subgrade construction are classified as A-8. 
Subgroup classifications are also used, as well as group 
indexes for fine grained soil. The group indeof a fine 

, 	 ,' 	
(

oCt- li 

p/ce  
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From table 9.2, the classification is A-7-5 or A-7-6. 	ties are of two types: grain properties and aggregate 
Since the plastic limit is 22 (less than 30), the classifi- 	properties. 
cation is A-7-6. The group index is 	 Soil grain properties include particle size distribution, 

density, and mineral composition. Density is found  
from a hydrometer  test. Particle size distribution is 
found from a s Te-a-f or coarse soils, and from a dis - 
persion test for fine soils. 

itt 

The soil would be classified as A-7-6 (21). 

ASTM standards also provide a method of classifying 
soils based on qualitative descriptions. Coarse-grained 
soils are divided into two categories: gravel soils (sym-
bol G) and sand soils (symbol S).  Sands  and gravels 
are further subdivided into 4 subcategories: 

symbol W: well-graded, fairly clean 

symbol C: 	well-graded, with excellent clay binder 

symbol P: 	poorly graded, fairly clean 

symbol M: coarse materials with fines, not in pre- 
ceding 3 groups 

Fine-grained soils are divided into three categories: in- 
organic silty and very fine sandy soils (symbol M), in- 
organic clays (symbol C), and organic silts and clays 
(symbol 0). These three are subdivided into two sub- 
categories: , 

symbol L: 	low compressibilities (WI 50 or less) 

symbol H: high compressibilities (wi greater than 
50) 

Table 9.7 illustrates the use of some of these classifica- 
tion symbols. pcife_ 9_1 I 

, 

Table 9.3 	 , 

Sieve Sizes 

this size sieve 	has this size openings 
4" 
3,, 

2" 
i it 1-2 
1" 

II 
1 ii 
311 
8 

no.4 
8 

10 
16 
20 
30 
40 
50 
60 
70 

100 
140 
200 

100 mm 
75 
50 

37.5 
25 
19 

12.5 

9.5 
4.75 
2.36 
2.00 
1.18 

0.850 
0.600 
0.425 (425 pm)
0.300 
0.250 
0.212 
0.150 
0.106 
0.075 (75 pm) 

4 SOIL INDEXING 

Indexing of the soil is necessary in order to apply some 
of the quantitative property relationships contained in 
this chapter. Indexing is accomplished by performing 
various classification tests on the soil. Index proper- 

If the uniformity coefficient is less than 4 or 5, the soil 
is considered uniform in particle size. Well graded soils 
have uniformity coefficients greater than 10. 

The coefficient of curvature is 

Figure 9.2 Particle Size Distribution 

D60 	0 10 

diameter (D) log-scale 

Eq. 9.1 is used in calculating the group index. 
reported to the nearest whole number. 

19 = (F200 - 35)[0.2 + 0.005(wt - 40)] 

/9  is 9 = 

= 

(7 1 - 35)[0.2 + 0.005(53 - 40)] 

+ 0.01(71 - 15)(31 - 10) 

21.3 

The results of particle size tests are graphed as a particle 
size distribution. 

The effective grain size is defined as the diameter for 
which only 10% of the particles are finer (D 10). The 
Hazen uniformity coefficient is given by equation 9.2. 

Eff- -ct-4-5): 	tic`44-. 	D10
9.2  

D0 
	 9.3 

D10 D60 

Cn 
-J 

cs) 

I 	I 7 
1 Lcv.  
it 
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Table 9.4 	 The  soil density is 2  

Typical Soil Coefficients 	 y=  Wt =  Ww + Ws  9.8 

soil 	 C. 	C, 

gravel 	 > 4 	1-3 	
The  dry density  is 

fine sand 	 5-10 1-3 )1 - Ws  - d - - - 
W, 

9.9 
coarse sand 	 4-6  	Vg  + V,„ + V. 
mixture of silty 

sand and gravel 	15-300 	
If the water content is known, the dry density (also 

mixture of clay, 	
known as the  bulk  density) of a moist sample can be 

sand, silt, and gravel 25-1000 	
found from equation 9.10. 

y 147  , 	t 	X  
b'd  (1  + w)Vt 1 + w 	

9.10 
 

5 AGGREGATE SOIL PROPERTIES 

The aggregate index properties are essentially weight-
volume relationships. In any sample of soil, there will 
be some air-filled voids, water-filled voids, and solid ma-
terial. The percentages of these constituents (by both 
volume and weight) are used to calculate the aggregate 
properties. 	 _ , 

\\I\ 

Figure 9.3 Soil Sample Constituents 

The porosity is 
V, 	Vg  + Vw  n -  	9.4 
Vt V g  +17,, + V,g 

The void ratio  is 
V, Vg  +V„ e 	= 	 

V, 	
9.5 

 
The  water content  is 

w = -W-
.  

9.6 
W, 

The volume of the sample will decrease as the water 
content is reduced down to the shrinkage limit, w = 
SL. Below the shrinkage limit, air enters the voids and 
the water content decreases are not accompanied by 
decreases in volume. 

The degree of saturation is 
V. 

s = 	 9.7 
Vu V g  + Vw  

The compacted  density  (zero air voids density) is 

	

= 	
VV, 

9.11 
V,„ + V, 

The density of the  solid constituents is 

- Ws  

	

- 	
9.12 

3   V8 

The  percent pore  space is 

PPS = Vu lVt =1- (V8114) =1 -  I/ '8) 9.13 

The specific gravity of the solid constituents is given by 
equation 9.14. The specific gravity of sand is approxi-
mately 2.65, and for clay it ranges from 2.5 to 2.9 with 
an average around 2.7. 

	

SG s  = 	
= 62.4 	

9.14 
X„  

Typical values of these soil parameters are given in table 
9.6 

Table 9.6 
Typical Soil Indexes 

description 	 n 	e Wsat 	Ysat 

sand, loose and 
uniform 0.46 0.85 0.32 90 118 

sand, dense and 
uniform 0.34 0.51 0.19 109 130 

sand, loose and mixed 0.40 0.67 0.25 99 124 
sand, dense and mixed 0.30 0.43 0.16 116 135 
glacial clay, soft 0.55 1.20 0.45 76 110 
glacial clay, stiff 0.37 0.60 0.22 106 129 

2  Soils engineering uses the symbol -I and the term unit weigh. 

This chapter is consistent with the rest of the book in specifying 
mass density with symbol p. 
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Table 9.5 
Consolidated Soil Indexing Formulas 

(Specific Gravity = G) 

property 

saturated 
sample 

(W,, W., G, 
are known) 

unsaturated 
sample 

(Ws,Wa,G, V 
are known) 

supplementary formulas relating 
measured and computed factors 

a 

Pi 
,.) 

a 
E 

-6 
> 

volume 

V, 	of 

solids  

w. 
Gpw  

V - (V s  +V.) V (1 - n ) v 	 ' 

, 	-.r-  
vr, 
- 

, 	 e  

volume 

V. 	of 

water  

W. 
- 
Pw *  

V,, - Va  SVs SVe 
Svse 

volume 

Vs 	of 

air or gas 

zero V - (V3  + Vw) Vt, - V. (1 - S)V,, (1-S)Ve  
1+e (1- S)V s e 

volume 

Vs 	of 

voids  

WW - 
Pw. 

WS v - 
Gp. 

V - Vs 
Vsn 
I- n 

Ve Vs  e 1+ e 

total vol- 

V 	ume of 

sample 

Vs  + Va  measured V9 + Va + Vw vs  
V, (1 + e ) 

14(1+ e)  

e 1 - n 

n 	porosity vt, 
V 1- vs  

7 1 	ws - e 

1+ Cvyw 

void ratio V, 
IT, 

v 
--1 
v. 

Gvxw  
 - I W. 

W C 
wss 

n 	tuG 
1 - n 	S 

a 

A g 
si 0  ., 	cu 
bt cg .- 
a) .0 
3 a P. 

weight 

Ws 	of 

solids  

measured 
1-1--"tiv G40 (1 - n) W. G 

eS 

weight 

Ww 	Of 

water  
measured wW. SY Vr, 

eWs S 
G 

V ..))/D 	w 

total0  
Wt 	weight of 

sample 
Ws + W., W8 (1 + iv) 

, 

cii 
a Q., E g 
a .7, 
8 .> 

2 7 

-6 0 
3 

dry 

YD 	unit 

weight 

ws ws  
v 

w, 
vc,+,,,, 

A as 
V3  + V . i+wGIS 

wet unit 

y, 	weight 
W. + W  i.  
Vs + Va  

Ws + Wa 
V 

Wt _ 
V 

G+,1_15.'e 	„, 
1+e 

(1+ w),,,  
w/S + 1/G 

'I(1 + w) 

saturated 

AT 	unit 

weight 

w.  + W,,, 

Va + V ia 
W8 + VUPW  

V 
W8+ ( --- )Y ia V 	1 + e 

(G-Fe)Yw  
1+e 

(1 + wY.s  
W + VC 

submerged 

Kul) 	(buoyant) 

unit weight 

. 
PS A T - mu 

W. 	( 	1 
7  - 	1+  e  Pits 

G+e 	. 
(T-F  T  - i) ii, 

(1-1/G  X 

l w + 1/G 

a 
o 

*_:> 

moisture 
111 

Content 

W. 

K 
Wt iv.- -1 Sc 

G 

	

ri* 	1  S 	2 	- --] 

	

PD 	G 
ta 
-112 

a 0 
:FS 

degree 

S 	of 

saturation 

1.00 
V. 

V,, 
ms  

111747) .  
wG _ 

e 
w . ,..4._____ 

cir:r 
Vg  

specific G 
gravity 

W s  
Vsltris 

Sc 
to 

Pa is toe density of water. Where noted with an asterisk (*) use the actual density of water. In other cases, use 62.4 Ibm/ft 3 . 



*g' 

SG- 

(Air \AL) volume BORROW weight 1  .441 

1—  

/ 

144 1.26 ' f 

1 .67,1 5 

)6 

\.A;.5 itL 
(7,  

5 	112 	4) 7 
SI-1i:)--cf,4 "4  

, 7 
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VP 
• 	*I' qi• 

C4 CM Cal 
C:1 ein- 

re:1E 
-11  

density_i_nslff4ago known as relative density) is a 
measure of the tendency or ability of granular soils (not 
clays) to compact during loading. The density index is 
equal to 1 for a very dense soil; it is equal to 0 for a 
very loose soil. 

r I 

?f hve- 	 emax —  e 
Id= 	 9.15 

citvl 47-e) 	 emax — emin 

The many relationships between the above soil indexes 
and parameters are listed in table 9.5. 

Example 9.2 

What is the e re 	aturation for a sand sample with 
SG = 2.65, = 1.15 lbm/ft3 , and ty = 0.17? 

In these problems it is always a good idea to keep track 
of the various weight and volume phases on a phase 
diagram. 

o 

From equation 9.6, 
	

(4)  — 
Ut--% 

Wuf  = wW, — . 
_c 	-r  

But since Wu, + 	= 115, 

(0.17)W3  + W, = 115 , 

	

	
W, = 98.3 r 
Wu, = 16.7 

The solids volume is given by equation 9.12: 

98.3 
V, = 	=W8 1(SG),94, = 	 = 0.594 ft3  

(2.65)(62.4) 

Similarly, the water volume is 

16.7 

V  = = 
0.268 

w  62.4 

V - The air volume is 1 — 0.594 — 0.268 = 0.138. 

The degree of saturation is 

0.268 
	  0 661/ 

\An 

8  0.268 + 0.138 — 

l  

LITAN Ut, IVIAINUAL 	 ‘'S 

601  

Example 9.3 	
\O 	Pfi 

Borrow soil is used to fill-a..1()M00snhic4ax.cl depres-
sion. The borrow soil has the following characteristics: 
density = 96.0 Ibm/ft 3 ; water content = 8%; specific 
gravity of the solids = 2.66. The final in-place dry 
density should be 112.0 Ibm/ft3 , and the final water 
content should be 13% (dry basis). 

(a) How many cubic yards of borrow soil are needed? 
(b) Assuming no evaporation loss, how many pounds of 
water are needed to achieve 13% moisture? (c) What 
will be the density of the in-place fill after a long rain? 

The first step in borrow problems is to draw the phase 
diagrams for both the borrow and compacted fill soils. 
Use subscript B for borrow soil and F for fill soil, and 
work with 1 cubic foot of fill material. 

step 1: The air has no weight. Dry density pre-
cludes water. The soil content (weight) is 
the same at both locations. (That is, getting 
112 pounds of soil in the fill requires taking 
112 pounds of borrow soil.) Per cubic foot 
of fill, 

WsB = W. = 112 

step 2: The weight of the water in one cubic foot of 
fill is 

WwF = wW, = (0.13)(112) = 14.56  

L L _ 	414 

h 1(0 

VGI 	 , 114 14 	 ' LOH 

,ivso 
VoCro , 

(21"/ 

LAD 	k),.1 

)143 

LU\Aks 	13D 0 ) '?).-a 	.S 

vu, 	I ttsS(,  
G 

weight 

—.- 

14.56 
_1_126.56 

112 



. 	. 
C 	 •, 

	

/P 	SOILSIA c,  
ril.• 

step 8: Total weight and density of the fill  are 

WtF = 112 + 14.56 = 126.56 

PF 126.56/1 = 126.56 lbm/ft 3  fill 

step 4: The solid volume of the solids in the fill and 
borrow is 

VF 	
112 

= 	 = 0.675 ft3  
(2.66)(62.4) 

- 

step 5: The volume of the water in the fill is 

14.56 
VF .-= 	= 0.233 ft3  

62.4 

step 6: The air volume in the fill is 

1 - 0.233 - 0.675 = 0.092 ft3  

It‘a 	kl3st9-9  kAD 	4,A1 
ciftAltif'e 73. 	vvva-s- 

(b): The actual moisture in the compacted 
7 	borrow soil is 	,

• 

/ 	(126,000)(27)(8.96) 	 c_13 = 2.42 EE7 pounds 	- / 	 1.26 	 0 
cn 

The required moisture in the fill soil is 

(100,000) (27) (14.56) ---- 3.93 EE7 pOunds 

The required additional moistur'.e is 

EE7 - 2.42 EE 	. 1-ER7 pounds 0, 
1>CArk 5 i -hv 67f  

(c): The void fraction is the sum of water and 
air volumes per cubic foot of fill (in ft 3/ft 3). 
The saturated ciessitsjs,„the,surn of the 
water an,A,solid-weightst- 

(0.233 ± 0.092) (62.4) -I- 112 = 132.3 lbm/ft 3  

step 7: The weight of the water (per cubic foot of 
fill) in the borrow soil is 

Wwa = wWss = (0.08)(112) 8.96 

(Note that the weight of water per cubic foot 
of borrow soil is 8.96/1#.) 

step 8: The total weight of the borrow soil per cubic 
foot of fill is 

WtB = 112 + 8.96 =1120.96 

step 9: The total volume of the borrow soil per cubic 
foot of fill is 

120.96 
VtB = 	 

96 
= 1.26 

step 10: From step 4, the volume of solids in the bor-
row soil is 

VsB = V3F=--; 0.675 
- 

step 11: The volume of water in the borrow soil per 
cubic foot of fill is 

8.96 
= 0.144 

TB - 62.4 

step 12: The air volume in the borrow soil per cubic 
foot of fill is 

1.26 - 0.144 - 0.675 = 0.441 

step 13 (a): y t," ,,,. ....(2,(e --,--? 
,--- 

= (-
i.26) 

(100,000) Vrequired,B  
1 

= 126,000 cubic yards 

6 SOIL TESTING AND MECHANICAL 
PROPERTIES 

A. PENETRATION RESISTANCE TEST 

The most common test is the standard penetration test 
(SPT), which measures resistance to the penetration of 
a standard split spoon sampler. 3  The number of blows 
required to drive the sampler a distance of 12 inches 
(after an initial penetration of 6 inches) is referred to 
as the N-value, in blows per foot. 

The N-value has been correlated with many other me ;  
chanical properties, including shear modulus, uncon-
fined compressive strength, and effective vertical stress. 
Figure 9.4 relates N and Snc• 

B. MOISTURE-DENSITY RELATIONSHIPS 

Soils are compacted to increase their stability, decrease 
permeability, enhance resistance to erosion, and de-
crease compressibility. The laboratory test to determine 
the optimum moisture content and dry density in clay 
soils is known as the (modified) Proctor test. (Nuclear 
gauges are used in the field to measure density and mois-
ture content in situ.) 

A soil sample is compacted in 3 layers by a specific num-
ber of hammer blows. The actual density is then given 
by equation 9.8. The dry density of the sample can be 
found from equation 9.10. This procedure is repeated 
for various water contents, and a graph similar to fig-
ure 9.5 is obtained. p  is known as the maximum dry 
density, or density at 100% compaction. w* is known 
as the optimum water content. 
3 

Cone penetrometer tests are also performed. 
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unconfined compressive strength, tonsift 2  

Figure 9.4 Approximate Relationships 
Between N and the Unconfined 
Compressive Strength for Clay 
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Figure 9.5 Proctor Test Results 

Since the actual compacted density will usually be be-
low (or above) the maximum dry density, the percentage 
of compaction is defined as 

It is not usually feasible to compact soil to the optimum 
value derived from the Proctor test. Construction com-
paction methods do not parallel the compaction method 
used in the test. Usually, some percentage of the max-
imum Proctor dry density is specified. Table 9.7 lists 
typical values of optimum moisture content for various 
soil types, as well as the suggested degree of compaction. 

The degree of compaction suggested in table 9.7 de-
pends on the category of soil use. Class 1 uses include 
the upper 9 feet of fills supporting 1- or 2-story build-
ings, the upper 3 feet of subgrade under pavements, and 
the upper 1 foot of subgrade under floors. Class 2 uses 
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9,7 
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include deeper parts of fills under buildings and pave- 
ments, as well as earth dams. All other fills requiring 
some degree of strength or incompressibility are classi-
fied as class 3. 

For a given water content, saturation will result from 
perfect compaction, since all air will be removed. The 
densities resulting from saturation at each water con-
tent can be plotted versus water content, and the result 
is known as a zero air voids curve. 4  The theoretical max- 
imum density of the zero air voids curve is calculated 
from equation 9.16. 

w _ 
9.16 z 

w+ (s) w+ (k) 
- - ----- 

The maximum value of the zero air voids density occurs 
at w = 0. At that point, the maximum dry zero air 
voids density is equal to the density of the solid itself 
(as calculated from the solid specific gravity). 

Pzd,max = (62.4) (SC) 	9.17 

Pzd,max and /14:i  are not the same, however, since air 
voids exist in the ff:i  case. 
4 

The zero air voids curve always lies above the Proctor test 
f - curve, since that test cannot expel all air. 



SOILS 

Table 9.7 
Typical Values of Optimum Moisture 
Content and Suggested Compactions 

(Based on Standard Proctor Test) 

recommended 
range of range of percentage of 

__..._. class 
group 
symbol description 

maximum 
dry 
densities 
lbm/ft 3  

optimum 
moisture 
content 

% 

Proctor 	 , 

maximum  , 
glass 

1 	2 	3 

GW well-graded, clean gravels, gravel-sand mixtures 125-135 11-8 97 	94 	90 
- --- 	 GP poorly-graded clean gravels, gravel-sand mixtures 115-125 14-11 97 	94 	90 

GM silty gravels, poorly graded gravel-sand silt 120-135 12-8 98 	94 	90 
GC clayey gravels, poorly-graded gravel-sand-clay 115-130 14-9 98 	94 	90 
SW well-graded clean sands, gravely sands 110-130 16-9 97 	95 	91 
SP poorly-graded clean sands, sand-gravel mix 100-120 21-12 98 	95 	91 

-  — 	 SM silty sands, poorly-graded sand-silt mix 110-125 16-11 98 	95 	91 
SM-SC sand-silt-clay mix with slightly plastic fines 110-130 15-11 99 	96 	92 

— 	 SC clayey sands, poorly-graded sand-clay mix 105-125 19-11 99 	96 	92 
ML inorganic silts and clayey silts 95-120 24-12 100 	96 	92 
ML-CL mixture of organic silt and clay 100-120 22-12 100 	96 	92 

• 	_•_ CL inorganic clays of low-to-medium plasticity 95-120 24-12 100 	96 	92 
OL organic silts and silt-clays, low plasticity 80-100 33-21 - 	96 	93 

- - 	 MH inorganic clayey silts, elastic silts 70-95 40-24 - 	97 	93 
CH inorganic clays of high plasticity 75-105 36-19 - 	- 	93 
OH organic and silty clays 65-100 45-21 - 	97 	93 

9-11 

- 

If 0.032 cubic feet of compacted soil tested at a construc-Af s 
tion site weighed 3.87 pounds wet and 3.74 pounds dry, .1'1 -- 

=, 
what is the percent  of compaction? 	r 01.3  

„Y-Y•J 
The actual density of sample 1 is (4.28 (30) - 128.4 
lbm/ft3 . From equation 9.10, the,ryiensity is 

X  	128.4 
-1197 lbm/ft 3  

1-Fw 	1-1-0.073 
1  

The following table is constructed from the results of 
all 5 tests. 

test no. dry density 

I 	
curve --......-■:-... 

1 	119.7 
2 	123.6 

1f)-Q2enk 3 	124,31 w 

Figure 9.6 	A Typical Zero 	Air Voids Curve 

Example  9.4 
A Proctor test using a 1/30 ft 3  mold is performed on a 
sample of soil. 

test no. 	sample net mass 	water content 
(lbm) 	..- 	(%) 

4 	121.0 
5 	118.0 

If these data are graphed, the following figure results. - 
The peal is near point 3, so take the maximum den-
sity to be 124.3 lbm/ft 3 . The sample density is 
3.74/0.032 =  116.9, so the percentage of compaction 
is 116.9/124.3 =  

	

-- 	P d 

it 	___ 
li Iv) Niv4.4 	' 

... 	 w 

1Acki 1r-o‘--7'S 

1 	74.2 	 7.3 
2 	 .52 	 9.7 
3 	4.60 	 11.0 
4 	4.55 	 12.8 
5 	4.50 	 14.4  
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P z d 

zero air 
voids curve 

Az  

/ Proctor test 
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C. MODIFIED PROCTOR TEST 

This test is similar to the standard Proctor test ex-
cept that the soil is compacted in 5 layers with a heav-
ier hammer falling a greater distance. The result is a 
denser soil which is more representative of compaction 
densities available from modern equipment. Table 9.7 
can be used by adding 10 to 20 Ibm/ft 3  to the densities 
and taking 3 to 10% from the moisture contents. 

lb , 45114  id- 44, rV 

D. IN-PLACE DENSITY TEST 

This test, also known as the field density test, starts 
by compacting soil in the field and digging a 3" to 5" 
deep hole with smooth sides. All soil taken from the 
hole is saved and weighed before the water content can 
change. The hole volume is determined by filling the 
hole with sand or a water-filled rubber balloon. The 
required densities are given by equations 9.8 and 9.10. 

E. UNCONFINED COMPRESSIVE 
STRENGTH TEST 

A cylinder of cohesive soil (usually clay) is loaded to 
compressive failure. (Failure of elastic soils is taken as 
a 20% strain.) The unconfined compressive strength is 
given by equation 9.18. The ultimate shear strength 
is taken as one half of the unconfined compressive 
strength. 

ore- 
tovt .11444 01 	S„ = P I A 

	
9.18 

Sn 
IA 	CL-6, 	ikse-41/ 	SUS = 	 9.19 

5,11(-co.g4A 

F. SENSITIVITY TESTS 

Clay will become softer as it is worked, and clay 
soils may turn into viscous liquids during construction. 
This tendency is determined by measuring the ultimate 
strength of two unconfined samples, one of which has 
been packed and extruded. 

Snc,undisturbed  sensitivity - 	 9.20 
Onc,remolded 

Table 9.8 
Sensitivity Classifications 

sensitivity class 
1-8 natural clays 
4-8 sensitive 
8-15 extra sensitive 
> 15 quick 

G. ATTERBERG LIMIT TESTS (CONSISTENCY 
TESTS) 

Clay soils can be either solid, plastic, or liquid depend-
ing on the water content. The water contents corre-
sponding to the transitions from solid to plastic or plas-
tic to liquid are known as the Atterberg limits. These 
transitions are called the plastic limit (wp ) and liquid 
limit (wi) respectively. 

When a soil has a liquid limit of 100, the weight of 
moisture equals the weight of the dry soil (i.e., w = 1). 
Alternatively, at the liquid limit, the soil is half water 
and half solids. A liquid limit of 50 means that the soil 
at the liquid limit is two-thirds soil and one-third water. 

Sandy soils have low liquid limits-on the order of 20. 
In such soils, the test is of little significance in judging 
load carrying capacities. Silts and clays can have sig-
nificant liquid limits-as high as 100. Most clays, how-
ever, have liquid limits between 40 and 60. High liquid 
limits indicate high clay content and low load carrying 
capacity. 

The plastic limit depends on the clay content. Some 
silt and sand soils have no plastic limit at all. They 
are known as non-plastic soils. The test is of no value 
in judging the relative load carrying capacities of such 
soils. 

The difference between the liquid and plastic limits is 
known as the plasticity index. 

= W Wp 	 9.21 

	

AST/c- 	LI Qui 	P‘...A577tc.- 

	

ax 	7 
The plasticity plasticity index gives the range in moisture content 
over which the soil is in a plastic condition. A small 
plasticity index shows that a small change in moisture 
content will change the soil from a semisolid to a liquid 
condition. Such a soil is sensitive to moisture. A large 
plasticity index (i.e., greater than 20) shows that con-
siderable water can be added before the soil becomes 
liquid. 

Atterberg limits vary with the clay content, type of clay, 
and the ions (cations) contained in the clay. 

The liquidity index of a clay soil is 

h= W - W 
9.22 Lipolbriy ;7.  

The Atterberg liquid limit is found by taking a soil sam-
ple and placing it in a shallow container. The sample 
is parted in half with a special grooving tool. The con-
tainer is dropped 25 times. At the liquid limit, the 
sample will have rejoined for a length of r. 

The plastic limit test consists of rolling a soil sample 

into a 1/8" thread. The sample will crumble when it is 
at the plastic limit when rolled to that diameter. 

Example 9.5 

A clay has the following Atterberg limits: liquid limit 
= 60%; plastic limit = 40%; shrinkage limit = 25%. 
The clay shrinks from 15 cubic centimeters to 9.57 cu-
bic centimeters when the moisture content is decreased 
from the liquid limit to the shrinkage limit in the At-
terberg tests. What is the clay's specific gravity (dry)? 

The water reduction is 15 - 9.57 = 5.43ubic centime-
ters. Since 1 cubic centimeter of wat-er weighs 1 gram, 
the weight loss is 5.43 grams. The percentage weight 
loss (dry basis) is 60% - 25% = 35%. Therefore, from 
equation 9.6, the solid weight is 

4 	 AW„, 5.4 Ws  = 	= - = 15.5 g It 	 Liw 	0.3p 

The watei-volipme at the shrinkage limit is 

V„, 	(0.2t),(15.5) =,3.875 
t 	--- 

Since at and above the shrinkage limit there are no air 
voids, the volume of solid at the shrinkage limit is 

9.57 - 3.875 = 5.695 

The density of the solid is 

_ 15.5 
= 2.72 g/cm3  P  - 5.695 

SG = 2.72 -kW) 

It PERMEABILITY TESTS 

Permeability of a soil is a measure of continuous voids. 
A permeable material permits a significant flow of wa-
ter. The flow of water through a permeable acquifer or 
soil is given by equation 9.23, known as Darcy's law. 

v = kGHIn 	 9.23 

Q nAv 	 9.24 

The area A in equation 9.24 is the cross sectional area 
of the aquifer, not the actual area in flow. Water can 
only flow through the area between the solids. This 
open area is nA. 

Typical values of the coefficient of permeability, k, are 
given in table 9.9. Soils with permeabilities of less than 
EE-6 cm/sec are essentially impervious. The soil is 
considered pervious if k is greater than EE-4 cm/sec. 

Table 9.9 
Typical Perraeabilities 

typical coefficient 
of permeability 

(cm/sec) 

2.5 EE-2 
5 EE-2 

> 5 EE-7 
> 5 EE-8 
> 5 EE-4 
> 5 EE-4 

> 2.5 EE-5 
> EE-6 

> 2.5 EE-7 
> 5 EE-6 

> 2.5 EE-7 
> 5 EE-8 

> 2.5 EE-7 
> 5 EE-8 

For loose filter sands, k is given approximately by equa-
tion 9.25. D10  is the effective grain size-the diameter 
for which only 10% of the particles are finer. 

k 100(D10)2 9.25 

Actual numerical values can be calculated from con-
trolled permeability tests using constant- or falling-head 
permeators (figure 9.7). For constant-head tests, k can 
be found from equation 9.26. (V is the water Volume. 

lc; - 
, V L 

hAt 
	 9.26 

For falling-head tests, k can be found from equation 
9.27. 

k =ln(h, I h f) 	 9.27 

group symbol 
GW 
GP 
GM 
GC 
SW 
SP 
SM 
SM-SC 
SC 
ML 
ML-CL 
CL 
OL 
MH 
CH 
OH 

A 11-h  

(a) constant head 
Figure 9.7 

I 	A' 

h 

A 

A 

(b) falling head 

Permeators 
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For the auger-hole method (i.e., in-field, falling-head 
tests), the combination of area and length variables may 
be known as the shape factor or conductivity coefficient, 
F. For example, for a cased hole below the water ta-
ble of length L and radius r whose impervious casing 
extends all the way to the hole bottom and whose liq-
uid level rises from h i  to hi- in time t (approaching the 
water table level), the shape factor and permeability 
are: 

11r 
F= 	 9.28 

2 

k = 	(-hi)= 27rr — In ( 
	

9.29 
hi) 

Ft 	hf 	lit 	f 

Other in-field tests can use cased holes with constant 
head, or uncased holes with constant and variable head. 
The shape factors for these tests are not the same as 
that in equation 9.28. 

Example 9.6 

The permeability of a semi-impervious soil was evalu-
ated in a falling-head permeator whose head decreased 
from 100 to 40 cm in 5 minutes. The body diameter 
was 13 cm; the standpipe diameter was 0.3 cm; and the 
sample length was 8 cm. What was the permeability of 
the soil? 

From equation 9.27: 

k = (03)2(8)  /n(100/40) = 1.3 EE-5 cm/sec 
1703) 2 (5)(60) 

I. CONSOLIDATION TESTS 

Consolidation tests (also known as confined compression 
and oedometer tests) start with a disc of cohesive soil 
(usually clay) confined by a metal ring. The faces of the 
disc are covered with porous plates. The disc sandwich 
is loaded in a water tank. The testing time is very 
long, since the water out-seepage is very slow. The load 
versus the void ratio is plotted as an e-log p curve. 

Figure 9.8 Consolidation Test 

Figure 9.9 shows an e-log p curve for a soil sample from 
which the load has been removed at m allowing the clay 
to recover. 

The line segment m-r is known as the virgin branch 
or virgin consolidation line. This type of behavior is 
typical of normally consolidated clay. Normally consol-
idated clay can either be virgin, previously unloaded 
clay, or it can be clay carrying a load which has never 
been removed or exceeded. 

Line m-tn' is a rebound curve. Line m'-r is known as 
a reloading curve. Such curves result when a normally 
loaded clay is relaxed and restressed. 

Notice that point m' can only be reached by loading the 
soil to a pressure of p'0  and then removing the pressure. 
This clay is said to have been preloaded or overconsoli-
dated.5  Although the pressure of the clay is essentially 
the same as when it started, its void ratio has been re-
duced. The overconsolidation ratio is defined by equa-
tion 9.30. 

Ro = P'0113eq 	 9.30 

undisturbed field 
soil line 

remolded 

Figure 9.10 Consolidation of Various Soils 

Laboratory results can be used to find the preconsolida-
tion pressure (point m in figure 9.9). This is illustrated 
in the following procedure. 

Draw 2 lines—a tangent line and a horizontal line—
through the point of maximum curvature, which is 
determined by eye. Bisect the resulting angle. Draw 
a tangent (fine k) to the tail of the field soil line. 
The intersection of this tangent and the bisection 
line defines ec, and po . 6  

Line k can be used to predict consolidation of the soil 
under various loadings. The compression index is the 
(negative of the) logarithmic slope of line k and is given 
by equation 9.31, where points 1 and 2 correspond to 
any two points on line k. 

e2 - el 	eo - el  C, =  	 9.31 log10(131/P2) 	logio (731/P0) 

If the clay is soft and near its liquid limit, the com- 
pression index can be approximated by equation 9.32. 
5 Preloaded clay is also known as preconsolidated clay, as well as 
overconsolidated clay. 

6 
This method of finding the preconsolidat ion pressure is known 

as the Casagrande method. 

(In equation 9.32, wi is a whole number, not a decimal 
percentage.) 

0.009(w1  - 10) 	9.32 
The reconsolidation index and swelling index can be 
found from the (negative of the) logarithmic slopes of 
the rebound and reloading curves. resnpetivph, 

rizontal 

isector 

ngent 

angent 
k) 

Figure 9.11 Casagrande Method 

J. TRIAXIAL STRESS TESTS 

In a triaxial stress test, a cylindrical sample is loaded on 
both ends and all around its surface. Usually, the radial 
stress (a.  R) is kept constant and the axial stress (0-A) is 
varied. The normal and shear stresses on a plane of any 
angle can be found from the combined stresS equations. 
(Consider compression positive.) 

1 / 	 \ 	1 / = v7  A + ) IVTA — c FR) cos 29 	9.33 

re + (aA - aR) sin 20 	 9.34 
These equations represent points on Mohr's circle, 
which can easily be constructed once crA and o-R are 
known. (Care must be taken when plotting this graph. 
The sample is usually exposed to a pressure PR over all 
of its surface, including the ends. Thus, PR is equal to 
aR. The pressure applied to the ends, PA,  is in addition 
to radial pressure. Therefore, o-A = pR PA.) Test re-
sults are shown in figure 9.12 for two different samples 
which were both tested to failure. The ultimate shear 
strength, Sas , can be read directly from the y-axis. 7  

The equation for the rupture line (also known as the 
envelope of rupture) is given by Coulomb's equation. 8  

T = Su s  = C + altar10) 	9.35 

7 The ultimate shear strength is given the symbol s in most soils 
books. 

8 Equation 9.35 is also known as the Mohr-Coulomb equation. 

reloading curve (from previous preconsolidation) 

reloading curve 
m' path taken if 

eb 	 load is not 
removed at 

rebound curve 

virgin branch 

p (log scale) 

Peg 

Figure 9.9 e-log p Curve 

porous plate 	 The overconsolidation pressure, p'o , can be estimated 
by eye as a point slightly above the point of maximum confining ring 
curvature. Graphical means are also used. 

The shape of the e-log p curve will depend on the degree 
of previous overconsolidation, as shown in figure 9.10. 

6,1 
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Figure 9.12 Mohr's Circle of Stress 
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Figure 9.14 Stress Strain Curves 
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The plane of failure is inclined at the angle 

9.36 

For slow shear of drained sands and gravels, the cohe-
sion, c, is zero. Therefore, it is possible to draw the 
rupture line with only one test. Typically, c varies from 
200 to 2000 psf for very soft and very stiff clays, respec-
tively. 

For saturated clays in quick shear, it is commonly as-
sumed that 0 = 0. This would be represented as a 
horizontal rupture line. - 

Representative values of 0 are given in table 9.10. 0 is 
known as the angle of internal friction.9  

us 

Figure 9.13 Rupture Lines for Ideal Sand 
and Saturated Clay 

9 
For cohesionless soils, the angle of internal friction is the angle 

from the horizontal naturally formed by a pile. For example, sand 
makes a pile with a slope of approximately 30 0 . Saturated clay, 
on the other hand, ideally behaves like a liquid, with =- 0. For 
most soils, the natural angle of repose will not be the same as the 
angle of internal friction, due to the effects of cohesion. 

Presence of water in the pores of a sample will not af-
fect these results much if the triaxial test is conducted in 
such a manner as to allow pore water pressure to dissi-
pate (i.e., pore water to flow freely). Such triaxial tests 
are known as S-tests or consolidated-drained tests. How-
ever, testing of slow-draining soils may require several 
weeks time. If the test is peformed quickly so that the 
pore pressure does not have a chance to dissipate, the 
test is known as an R-test or consolidated-undrained 
test. In such a case, much of the axial load will be car-
ried by the pore moisture. In the Q-test (quick test), the 
water content of the specimen is not allowed to change. 
Such a test is justified only with low permeability (e.g., 
EE-3 cm/sec) soils. 

The effective soil pressure is the pressure that soil grains 
exert on each other. This pressure provides the shear 
strength of granular materials. It can be calculated 
from equation 9.37, where c' and 0' are the effective 
stress parameters. 

Sus  = c' + critan0 1 	9.37 

The total pressure also includes the pore pressure, p. 
The pore pressure can be found from the rise in a cap-
illary tube, or it can be measured directly in a triaxial 
shear test. 

9.38 

R-tests are used to determine the effective stress pa-
rameters, c' and 0'. In the absence of pore pressure 
measurements, R-tests can only record the total stress 
parameters c and 0.10 

10 If a soil is always going to be saturated, the total stress pa-
rameters can be used for foundation design. In cases where the 
soil is not always saturated, only the effective stress parameters 
should be used. 

Table 9.10 
Typical Strength Characteristics 

cohesion 	 effective 
(as com- 	cohesion 	stress 

group 	pacted) (saturated) envelope 
symbol 	psf 	psf 

	
degrees 

GW 
GP 
GM 
GC 
SW 

Csat 

0 

>38 
>37 
>34 
> 31 

38 
SP 0 37 
SM 1050 420 34 
SM-SC 1050 300 33 
SC 1550 230 31 
ML 1400 190 32 
ML-CL 1350 460 32 
CL 1800 270 28 
OL 
MH 1500 420 25 
CH 2150 230 19 
OH 

Example 9.7 

A sample of dry sand is taken and a triaxial test per-
formed. The added axial stress causing failure was 5.43 
tons/ft 2  when the radial stress was 1.5 tons/ft 2 . What 
is the angle of internal friction? What is the angle of 
the failure plane? 

= 1.5 	°max 	4.215 	aa  

L. • 

• 5 - 4 1 I -C.  s' 
arcsin ( 2.715

)  = 40° 4.215 

=-- 450  + (40) = 65° 

For any given radial pressure, a stress-strain curve can 
be plotted. This is illustrated in figure 9.14. The strain 
is volumetric strain due to the axial load only. The 
stress is the difference between the axial and radial 
stresses. The ultimate compressive stress (S ue ) can be 
read directly from the chart. Sue  is usually taken as the 

K. CALIFORNIA BEARING RATIO TEST: 
SHEARING RESISTANCE 11  
The California Bearing Ratio (CBR) test consists of 
measuring the relative load required to cause a stand-
ard (3 square inches) plunger to penetrate a water-
saturated soil specimen at a specific rate to a specific 
depth. The word 'relative' is used because the actual 
load is compared to a standard load derived from a sam-
ple of crushed stone. The ratio is multiplied by 100 and 
the percent omitted. 

The resulting data will be in the form of inches of pene-
tration versus load. This data can be plotted as shown 
in figure 9.15. If the plot is concave upward (curve B), 
the steepest slope is extended downward to the x-axis. 
This point is taken as the zero penetration :point and 
all penetration values adjusted accordingly. 

load 
(psi) 

penetration 

(inches) 

Figure 9.15 Plotting CBR Test Data 

Standard loads for crushed stone are given in table 9.11. 
For a plunger of 3 square inches, the CBR is the ratio 
of the load for a 0.1 inch penetration divided by 1000 
psi.  The CBR for 0.2 inches should also be calculated. 
11 	• 	• California > 

s Department of Transportation was the first to 
make use of the CBR test. However, other states and the Corps 
of Engineers have adopted CBR testing techniques. These states 
have, generally, retained the California Bearing Ratio name. 
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Table 9.13 
Typical Values of Subgrade Modulus 

group 
symbol 

range of subgrade 
modulus k 

1 psi/in 
OW 300-500 
GP 250-400 
GM 100-400 
GC 100-300 
SW 200-300 
SP 200-300 
SM 100-300 
SM-SC 100-300 
SC 100-300 
ML 100-200 
ML-CL 
CL 50-200 
OL 50-100 
MR 50-100 
CH 50-150 
OH 25-100 

9-19 
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penetration 
(inches) 

0.025 
0.050 
0.075 
0.100 

) 9,0 	

0.125 
0.160 
0.175 

_0.200 
O.250 
0.300 

\T) 
b ' 

load 

(Psi) 	, 

130 
230 
320 
38-6---  
470 
530 
600 
700 ' 
830 

— orcid kg 

I 
il 	)Cit'D  , 

,,- 	b• PI' 

1 

6. 45 

evol, .1,e4 	ifv-v, 	mv\ 	fe4 (06ik 

The test should be repeated if CBR0.2 > CBRo.i . If 
the results are similar, use CBR0.2. 

actual load (psi)  
CBR — 

standard load (psi) x (100) 
	9.39 

Table 9.11 
Standard CBR Loads 

inches of 	standard load 
penetration 	(psi) 

0.1 	1000 
0.2 	MO,  
0.3 	1900\ 
0.4 	2300 ' 
0.5 	2600 	\\ 

\ 
\ 

Table 9.12 
Typical CBR Values 

group 	range of 
symbol 	CBR values 

GW 	40 to 80 
GP 	30 to 60 
GM 	20 to 60 
GC 	20 to 40 
SW 	20 to 40 
SP 	10 to 40 
SM 	10 to 40 
SM-SC 	5 to 30 
SC 	5 to 20 
ML 	<15 
ML-CL 
CL 	 ç15 
OL 	 < 5 
MH 	<10 
CH 	< 15 
OH 	 <5 

Example 9.8 

The following load data is collected for a 3 square inch 
plunger test. What is the California Bearing Ratio? 

368 

load 
(psi) 

penetration 

(inches) 

-----  

load 

.5 	deflection 
(inches) 

Figure 9.16 10th Repetition Bearing Load 

M. HVEEM'S RESISTANCE VALUE TEST: 
THE R-VALUE 

The term 'resistance' refers to the ability of a soil to 
resist lateral deformation when a vertical load acts upon 
it. When displacement does occur, the soil moves out 
and away from the applied load. 

Measuring the R-value of a soil is done with a .stabilome-
ter test. The R-value will range from zero (the resis-
tance of water) to 100 (the approximate resistance of 
steel). R-values of soil and aggregate usually range from 
5 to 85. 

	

I 	I 
GOOD CRUSHED ROCK i 

	

GRAVEL 1 	I 	I 

	

I 	I 	I 
SILTY & CLAYEY GRAVEL 

SANDS 	I 

SILTY SANDS—.,,4 

Upon graphing the data, it is apparent that a 0.02 inch 
correction is required. Therefore, the 0.1" load is read 
from the graph as a 0.12 inch load. 

ic4 Yito p  4  at, 
'i-rame/cvd (cm,  

(368)(100)  
CBRo = 	= 36.8 (percent omitted) 1000 ) 

(645)(100)  
CBR0.2 = 	 = 43 

1500- 

Since CBR0.2 is greater than CBR0,1, the test should 
be repeated. 

L. PLATE BEARING VALUE TEST: THE 
SUBGRADE MODULUS 

A standard diameter round steel plate is set over soil 
on a bed consisting of fine sand and/or plaster of paris. 
Smaller diameter plates are placed on top of the bot-
tom plate to ensure rigidity. After the plate is seated 
by a quick but temporary load, it is loaded to a deflec-
tion of about 0.04 inches. This load is maintained until 
the deflection rate decreases to 0.01 inch/minute. Then 
the load is released. The deflection prior to loading, 
the final deflection, and the deflection each minute are 
recorded. 

The test is repeated 10 times. For each repetition of 
each load, the end-point deflection is found for which the 
deflection rate is exactly 0.001 inch/minute. The loads 
are then corrected for dead weights of jacks, plates, etc. 

The corrected load versus the corrected deflection is 
graphed for the 10th repetition. The bearing value is the 
interpolated load which would produce a deflection of 
0.5 inches. Figure 9.16 can be used to find the subgrade 
modulus, or modulus of subgrade reaction, k, which is 
the slope of the line (in psi/inch) in the loading range 
encountered by the soil. 

SANDY SILTS & SILTS 

I 	I 	I 	I 	I CLAYEY SANDS I 

.1,7VA t

v 

CLAYEY SILTS 
I 

,■//4 ,,&. I
I 

SANDY CLAY 
I 

	

% 	
I 

SILTY CLAY 
rz  

	

/ it ■.... 	
I 

CLAY 
5 	15 	25 	 35 	 45 	 55 	 65 	 75 

R-value 

.  Figure 9.17 R-Values of Various Soils 



14.The results of a sieve test below give the percent-
age passing through the sieve. (a) Plot the particle 
size distribution. (b) Calculate the uniformity coeffi-
cient. (c) Calculate the coefficient of curvature. 

k73 

sieve  % finer by Weight 

52  
#4 37 

#10 32 
#20 23 
#40 11 
#60 7 

#100 4 

The R-value is determined using soil samples which are 
compacted as they would be during normal construc-
tion. They are tested as near to saturation as possible 
to give the lowest expected R-value. Thus, the R-value 
represents the worst possible state the soil might attain 
during use. 

The procedure also takes into account the fact that 
some soils are expansive. When a compacted soil ex-
pands due to the absorption of water, the R-value also 
decreases. The test procedure accounts for this by low-
ering the R-value. 

In the absence of stabilometer testing, rough estimates 
of the R-value can be made using simple soil classifi-
cation tests. The soil type can be found from sieve 
analyses, hydrometer tests, or figure 9.1. 

After the soil has been classified, figure 9.17 can be 
used to determine an approximate R-value. It will be 
seen that each soil type covers an R-value range. The 
curves respresenting the various soils are approximate 
frequency distributions. 

For fine-grained soils, the upper tail (high R-value) rep-
resents a lower plasticity; the lower tail represents soils 
with higher plasticity. 

The curves for coarse-grained materials are affected 
in the same manner. Lower tails represent materials 
with either more clay or clay with a higher activity. 
In coarse-grained materials with little or no clay, the 
lower tail represents hard, smooth-surfaced and uni-
formly sized material. The upper tail represents rough-
surfaced material with a distribution of sizes. 

Practice Problems: SOILS 

Untimed 

1. A sample of moist soil was found to have the follow-
ing characteristics: 

	

volume: 	.01456 m 3  (as sampled) 

	

mass: 	25.74 kg (as sampled) 
22.10 kg (after oven drying) 

	

specific gravity of solids: 	2.69 

Find the density, unit weight, void ratio, porosity, and 
degree of saturation for the soil. 

2. A Proctor test was performed on a soil which has a 
specific gravity for its solids of 2.71. For the data be-
low, (a) plot the moisture-dry density curve. (b) Find 
the maximum density and optimum moisture. 
(c) What range of moisture is permitted if a contractor 
must achieve 90% compaction? 

water content 
% 

actual 
density 

pcf 
water content 

% 

actual 
density 

pcf 
10 98 20 129 
13 106 22 128 
16 
18 

119 
125 

25 123 

3. For the soil in problem #2, how many gallons of 
water need to be added to obtain 1 yd 3  of soil at 
the maximum density if the soil is originally at 
10% water content (dry basis)? 

4. A triaxial shear test is performed on a well-
drained sand sample. Failure occurred when the 
normal stress was 6260 psf and the shear stress 
was 4175 pit What is the angle of internal 
friction? What are the principal stresses? 

5. A permeability test is conducted with a sample of 
soil which is 60 mm in diameter and 120 mm long. The 
head is kept constant at 225 mm. The flow is 1.5 ml in 
6.5 minutes. What is the coefficient of permeability in 
units of meter/year? 

6. A consolidation test is performed on a soil with the 
following results: 

pressure (psf) e pressure (psf) 

9-21 

e 
250 .755 8350 .724 
520 .754 16,700 .704 

1040 .753 33,400 .684 
2090 .750 8350 .691 
4180 .740 250 .710 

(a) Graph the curve of stress versus void ratio. (Hint: 
use log or semi-log paper.) (b) What is the compres-
sion index? (c) If the initial pressure on the soil layer is 
1400 psf, how much stress can a 10 foot thickness of 
this soil carry without settling more than 1.0 inch? 

8. A sample of soil has the following characteristics: 

% passing #40 screen: 	 95 
% passing #200 screen: 	57 
liquid limit: 	 37 
plastic limit: 	 18 

Use the AASHTO system to classify this soil. Include 
the group index number. 

9. A sample of sand has a relative density of 40% with 
a solids specific gravity of 2.65. The minimum void ra-
tio is .45; the maximum void ratio is .97. (a) What is 
the density of this sand in a saturated condition? (b) If 
the sand is compacted to a relative density of 65%, 
what will be the decrease in thickness of a 4 foot thick 
layer? 

10. Specifications on a job require a fill using 
borrow soil to be compacted to 95% of its stan-
dard Proctor maximum dry density. Tests indi-
cate that this maximum is 124.0 pcf when dry. 
The soil now has 12% moisture. The borrow ma-
terial has a void ratio of .60 and a solid spedific 
gravity of 2.65. What is the minimum volume of 
borrow soil required to fill 1.0 cubic foot? 

Timed  

9-20 	 CIVIL ENGINEERING REFERENCE MANUAL 	
SOILS 

- Ir 1. Two choices for borrow soil are available. 7,04,k 
— 	borrow A 	 borrow B  
' 	115 lb/ft3 	density in place 	 120 

? 	 density in transport 	95 
.92 	void ratio in transport 	? 

25% 	water content in place 	20% 
$.20/yd 3 	cost to excavate 	$.10/yd 3  
$.30/yd 3 	cost to haul 	$.40/yd 3  

2.7 	 S.G. of solids 	 2.7 
(112) lb/ft 3  max Proctor dry density 	(110) 

It will be necessary to fill a 200,000 yd 3  depression, 
and the fill material must be compacted to 95% of the 
standard Proctor (maximum) density. A final 10% 
moisture content (dry basis) is desired in either 
case. (a) What soil would be cheaper to use? 
(b) What is the volume of borrow from each site? 
(c) What is the minimum quantity (volume) of 
material to haul? 
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2. Two series of triaxial shear tests on a soil were per-
formed with the following results: 

undrained series drained series 
confining 
pressure 

0 psi 
50 

100 

total axial 
pressure 

60 psi 
110 
160 

confining 
pressure 

50 psi 
100 
150 

total axial 
pressure 

250 psi 
400 
550 

(a) Determine the angle of internal friction for both se-
ries. (b) What is the cohesion for both series? (c) What 
is the angle of the failure plane (with respect to the 
horizontal axis) for both series? (d) Given a fourth test 
of the drained sample with radial confining pressure 
= 300 psi, what is the expected axial load at failure? 
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	 EXCERPTS FROM CHAPTER 18 

nut and washer shall be tightened on each bolt to the plate. Foun- 
dation plates and sills shall be the kind of wood specified in 
Section 2306.4. 
1806.6.1 Additional requirements in Seismic Zones 3 and 4. 
The following additional requirements shall apply in Seismic 
Zones 3 and 4. 

1. Sill bolt diameter and spacing for three-story raised wood 
floor buildings shall be specifically designed. 

2. Plate washers a minimum of 2 inch by 2 inch by 3/16 inch (51 
mm by 51 mm by 4.8 mm) thick shall be used on each bolt. 

1806.7 Seismic Zones 3 and 4. In Seismic Zones 3 and 4, hori-
zontal reinforcement in accordance with Sections 1806.7.1 and 
1806.7.2 shall be placed in continuous foundations to minimize 
differential settlement. Foundation reinforcement shall be pro-
vided with cover in accordance with Section 1907.7.1. 

1806.7.1 Foundations with stemwalls. Foundations with stem-
walls shall be provided with a minimum of one No. 4 bar at the top 
of the wall and one No. 4 bar at the bottom of the footing. 

1806.7.2 Slabs–on–ground with turned–down footings. 
Slabs–on–ground with turned-down footings shall have a mini-
mum of one No. 4 bar at the top and bottom. 

EXCEPTION: For slabs-on-ground cast monolithically with a 
footing, one No. 5 bar may be located at either the top or bottom. 

1806.8 Designs Employing Lateral Bearing. 

1806.8.1 General. Construction employing posts or poles as 
columns embedded in earth or embedded in concrete footings in 
the earth may be used to resist both axial and lateral loads. The 
depth to resist lateral loads shall be determined by means of the 
design criteria established herein or other methods approved by 
the building official. 

1806.8.2 Design criteria. 

1806.8.2.1 Nonconstrained. The following formula may be 
used in determining the depth of embedment required to resist lat-
eral loads where no constraint is provided at the ground surface, 
such as rigid floor or rigid ground surface pavement. 

d  = 	( 1  + .11  + 	4.36h) 	(6-1) 
2 	 A 

WHERE: 
A 	2.34P  

S ib 
b = diameter of round post or footing or diagonal dimension 

of square post or footing, feet (m). 

d = depth of embedment in earth in feet (m) but not over 
12 feet (3658 mm) for purpose of computing lateral pres- 
sure. 

h = distance in feet (m) from ground surface to point of 
application of "P." 

P = applied lateral force in pounds (kN). 
Si = allowable lateral soil-bearing pressure as set forth in 

Table 18-I-A based on a depth of one third the depth of 
embedment (kPa). 

S3 = allowable lateral soil-bearing pressure as set forth in 
Table 18-I-A based on a depth equal to the depth of 
embedment (kPa). 

1806.8.2.2 Constrained. The following formula may be used to 
determine the depth of embedment required to resist lateral loads 

where constraint is provided at the ground surface, such as a rigid 
floor or pavement. 

d2  .= 4 25 12A- 	 (6-2) 
S 3b 

1806.8.2.3 Vertical load. The resistance to vertical loads is de-
termined by the allowable soil-bearing pressure set forth in Table 
18-I-A. 

1806.8.3 Backfill. The backfill in the annular_space around col-
umns not embedded in poured footings shall be by one of the fol-
lowing methods: 

1. Backfill shall be of concrete with an ultimate strength of 
2,000 pounds per square inch (13.79 MPa) at 28 days. The hole 
shall not be less than 4 inches (102 mm) larger than the diameter of 
the column at its bottom or 4 inches (102 mm) larger than the diag-
onal dimension of a square or rectangular column. 

2. Backfill shall be of clean sand. The sand shall be thoroughly 
compacted by tamping in layers not more than 8 inches (203 mm) 
in depth. 

1806.8.4 Limitations. The design procedure outlined in this 
section shall be subject to the following limitations: 

The frictional resistance for retaining walls and slabs on silts 
and clays shall be limited to one half of the normal force imposed 
on the soil by the weight of the footing or slab. 

Posts embedded in earth shall not be used to provide lateral sup-
port for structural or nonstructural materials such as plaster, ma-
sonry or concrete unless bracing is provided that develops the 
limited deflection required. 

1806.9 Grillage Footings. When grillage footings of structural 
steel shapes are used on soils, they shall be completely embedded 
in concrete with at least 6 inches (152 mm) on the bottom and at 
least 4 inches (102 mm) at all other points. 

1806.10 Bleacher Footings. Footings for open-air seating faci-
lities shall comply with Chapter 18. 

EXCEPTIONS: Temporary open-air portable bleachers as de-
fined in Section 1008.2 may be supported upon wood klls or steel 
plates placed directly upon the ground surface, provided 'soil pressure 
does not exceed 1,200 pounds per square foot (57.5 kPa). 

SECTION 1807 — PILES — GENERAL 
REQUIREMENTS 

1807.1 General. Pile foundations shall be designed and in-
stalled on the basis of a foundation investigation as defined in Sec-
tion 1804 where required by the building official. 

The investigation and report provisions of Section 1804 shall be 
expanded to include, but not be limited to, the following: 

1.Recommended pile types and installed capacities. 

2. Driving criteria. 

3. Installation procedures. 

4. Field inspection and reporting procedures (to include proce-
dures for verification of the installed bearing capacity where re- 
quired). 

5. Pile load test requirements. 
The use of piles not specifically mentioned in this chapter shall 

be permitted, subject to the approval of the building official upon 
submission of acceptable test data, calculations or other informa-
tion relating to the properties and load-carrying capacities of such 
piles. 
1807.2 Interconnection. Individual pile caps and caissons of 
every structure subjected to seismic forces shall be interconnected 
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