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Introduction Slope failures in coastal Alaska occur primarily as debris avalanches in shallow 
hillslope depressions. The susceptibility of such sites to failure is a function of 
slope gradient, overburden depth7 soil strength, and the soil's ability to absorb 
and transmit water. A controlling factor in almost all failures is the development of 
a temporary water table in these depressions during high-intensity, long-duration 
rainfall. Positive porewater pressures generated by this subsurface water reduce 
soil effective stressesZl within the depressions and may either directly initiate a 
landslide or render the site susceptible to failure during some external loading 
event, such as windthrow or rockfall. 

Timber harvesting in coastal Alaska usually requires construction of access and 
haul roads. These roads must be built in unfavorable circumstances: weather and 
soil moisture conditions are poor throughout the year, and freezing is often a pos- 
sibility; many roads are built on muskeg that, during normal construction, would be 
removed or avoided; and access for equipment is costly and difficult. In spite of 
these problems, roads are being built, and planning for the roads must be based 
on available information on using naturally occurring vs. imported soil and rock. 

This paper discusses the developing geotechnical and hydrological data bases and 
shows how the information, coupled with simplified engineering analysis procedures, 
can be used in resource allocation and project planning studies. Techniques are 
suggested for analyzing natural slopes using the infinite slope method and for 
analyzing slopes created by road cuts using an approximate circular arc procedure. 
These techniques are fairly well developed. Only general guidelines for using 
natural materials for roadway construction are given. 

Results of analyses are intended only for resource allocation and for planning 
studies. Stability evaluations for specific sites and subgrade strength analyses re- 
quire detailed, site-specific investigation~. 

''Overburden depth refers to the residual and colluvial so~ls and 
organic debris overlying bedrock and dense glacial till. 

3 Effective stress is a force per unit area that tends to cause 
compression or deformation of the solid phase of the soil. In th~s 
case, the effective stress is due to the weight of the solid in the 
depressions exerted along an impermeable bedrock or glacial till 
surface. 



The Developing Preliminary data for engineering properties and index properties of the most widely 
Data Base occurring soils in the Tongass National Forest were determined by Schroeder and 

Filz (1981) and by Schroeder (1983). These studies provide the basic soil materials 
data used in this paper. Forty sample sites were located with the assistance of 
soils and engineering specialists from the Tongass National Forest (fig. 1). Un- 
disturbed Shelby tube samples were collected at each site, and laboratory tests 
were conducted to evaluate index properties and to measure effective stress- 
strength parameters. Results for each site are shown in tables 1 and 2. Most of the 
sampled materials, except those obtained from elevated marine deposits (sites 
17-20, table I), were gravels and sands, but they contained an appreciable quantity 
of nonplastic silt. The marine deposits had a very low coarse-particle content and 
were predominantly nonplastic silts, but clay-sized particles were present locally in 
significant amounts (> 50 percent). Unit weights were variable, but all soils were 
moderately overconsolidated and most exhibited high angles of internal friction. For 
most materials sampled, there was a modest but important (for strength at critical 
sites) degree of cohesion present. For the most part, index properties (Atterberg 
Limits) of these soils were of little value for judging strength characteristics. Cohe- 
sion was only moderately influenced by the Plasticity Index and, in general (except 
for marine deposits), was very low. No significant effects of organic content on 
cohesive strength were measured. Angle of internal friction is not regularly related 
to the Plasticity Index; however, it may be conservatively estimated using the rela- 
tion developed by Bjerrum and Simons (1960). 

LEGEND 

1981 Studi i ,  sites 1-10 
o 1983 Studies, sib 11-40 

Figure I-Forty sample site locations for 1981 and 1983 studies 
in southeast Alaska. 



Table 1-Results of index property tests of undisturbed southeast Alaska forest soils, by site number 

P a r t i c l e  s i z e  d i s t r i b u t i o n  

A t te rbe rg  L i m i t s  
S p e c i f i c  

s i t e  s o i l  Sand2-  S i l t 0 . 0 5 -  Clay T o t a l  f i n e s  g r a v i t y  Organic U n l f  l e d  S o i l  
no. s e r i e s  1/\ 2 m 0.05 mn 0.002 m 0.002 m 0.05 nm LL 2/ PL a/ P I  $/ of s o l i d s  con ten t  C l a s s l f l c a t i o n  

Kupreanof 3 
T o l s t o i  4  5 
Kar ta  31 
She1 i kof  1 
S i t k a  -- 
Tokeen 17 
Gunnuck 9 
Kar ta  23 
U l l o a  17 
Wadleigh 23 
Yadle igh 23.9 
Yadle igh 23.8 
Wadleigh 39.5 
Wadleigh 30.5 
Wadlelgh 49.4 
Mar ine c l a y  64.9 
Marine c l a y  -- 
Mar ine c l a y  4.3 
Mar ine c l a y  -- 
Marine c l a y  1.3 
M i t k o f  31 .O 
M i t k o f  4.6 
Kupreanof 31.2 
Kupreanof 45.4 
Kupreanof -- 
M i t k 0 f  -- 
M i t ko f  10.2 
M l t k o f  25.7 
M i t k 0 f  34.4 
M l t k o f  3.2 
T r a i t o r s  
(Vixen)  19.3 
T r a i t o r s  
(Vixen)  -- 
T r a i t o r s  
(V i xen )  -- 
T r a i t o r s  
(Vixen)  3.5 
T r a i t o r s  
(Vixen)  2.7 
T r a i t o r s  
(Vixen)  44.3 
T o l s t o l  31.3 
T ~ l s t o i  32.0 
T o l s t o l  44.3 
T o l s t o i  25.5 

48 28 20 
Nonplast ic  

68 57 11 
62 49 13 

Nonp las t i c  
77 52 25 

100 75 25 
Nonplast lc  
N o n ~ l a s t i C  

Nonplast ic  

Nonplast ic  

Nonp las t i c  

Nonp las t l c  

Nonp las t i c  

1/ T e n t a t i v e  S o i l  Conservat ion Serv i ce  names 

2/ L i q u i d  l i m i t .  

a/ P l a s t i c  l i m i t .  

*/ P l a s t i c i t y  index.  



A wide variety of material was sampled. Variability in test results between types 
and even within types of material was great and made strict comparisons difficult. 
There were, however, enough similarities in engineering characteristics to allow 
reasonable groupings by (1) Soil Resource Inventory series, (2) Unified Soil Clas- 
sification system (USC), and (3) geologic origin designations (tables 3, 4, and 5, 
respectively). Because of difficult logistics and the large geographic area sampled, 
the number of samples for each grouping was not large (minimum 4, maximum 7); 
statistical evaluation of the data therefore has limitations. The data do, however, 
provide estimates of properties and their range within groupings. The mean and 
the fifth percentile of soil strength variables for each grouping were estimated 
using laboratory test results (tables 6, 7, and 8). The fifth percentile is the value 
such that 5 percent of the values of a normally distributed sample population are 
less than this. The normal distribution of these engineering properties has been 
demonstrated in the Pacific Northwest under similar geomorphic and climatic con- 
ditions (Schroeder and Alto 1983). The fifth percentile therefore represents a 
reasonable estimate of a minimum property value. The mean values may be used 
for general assessment of soil behavior; the fifth percentile should be used in sen- 
sitive situations where the consequences of occasional failures are especially 
undesirable. 

Hydrologic data have been quantified for only a few critical areas, but the general 
relations to site stability are known. Existing data can be used effectively to 
estimate the influence of storms on slope stability for planning-level risk assess- 
ment. Swanston (1967) developed initial data on ground-water level fluctuations in 
permeable materials within shallow upslope depressions at Hollis, Prince of Wales 
Island, and related them to 24-hour rainfall intensities. The materials were Karta 
soils (which classify as SM soils by the USC system) derived from the weathering 
of glacial tills. These soils have a low content of nonplastic silt and consequently 
exhibit high permeabilities. The characteristics of these materials are represented 
by sites 3 and 8 in table 1. Because of the high permeabilities, the response of 
water table level to rainfall intensity is rapid. The relation between ground-water 
height (h in inches) and 24-hour rainfall intensity (R in inches per day) is curvi- 
linear (fig. 2) and is expressed by the equation: 

As rainfall intensity increases, water level rises rapidly at first, but at a decreasing 
rate as rainfall continues, and reaches an upper limit determined by the thickness 
of the soil profile. 

More detailed work in progress at Kennel Creek on Chichagof Island (Sidle in press, 
Sidle and Swanston 1980, 1981) indicates a similar general response of degree of 
saturation to rainfall intensity for less pervious materials in the Kupreanof Series 
(SM-MH soils in the USC system) (sites 23 and 26 in table 2). The response ap- 
pears, however, to be much more closely related to maximum 2-hour rainfall inten- 
sity, antecedent 24-hour rainfall, and duration of a storm. 



Table 2-Results of consolidated, undrained triaxial shear tests of 
undisturbed southeast Alaska forest soils, by site number 

Angle o f  Pore 
Dry i n t e r n a l  pressure 

S i t e  Soi 1 Water u n i t  f r i c t i o n  Cohesion parameter 
no. s e r i e s  1/ con ten t  we ight  ( e f f e c t i v e )  ( e f f e c t i v e )  A 

Kupreanof 
T o l s t o i  
Ka r ta  
Shelokof 
S l t k a  
Tokeen 
Gunnuck 
Ka r ta  
U l l o a  
Wadleigh 
Wadleigh 
Wadleigh 
Wadleigh 
Wadleigh 
Wadleigh** 
Marine c l a y  
Marine c l a y  
Marine c l a y  
Marine c l a y  
Marine c l a y  
M i t k o f  
M l t k o f  
Kupreanof 
Kupreanof 
Kupreanof 
Mi t k o f  
M i t k o f  
M i t k o f  
M i t k o f  
M i t k o f  
T r a i  t o r s  
(Vlxen) 
T r a i t o r s  
(Vlxen) 
T r a i t o r s  
(V lxen)  
T r a i t o r s  
(V ixen)  
T r a i t o r s  
(V ixen)  
T r a i t o r s  
(Vixen) 
T o l s t o l  
T o l s t o l  
T o l s t o i  
T o l s t o i  

percent  1 b / f t 3  degrees 

36.0 
43.0 
35.1 
24.9 
38.9 
35.6 
43.7 
37.5 
34.4 
32.4 
40.7 
33.1 
37.4 
33.7 
44.7 
33.6 
27.5 
27.1 
30.3 
33.2 
34.2 
35.2 
44.4 
36.6 
36.0 
34.4 
26.6 
37.5 
25.6 
39.2 
40.2 

34.4 

34.4 

32.1 

35.6 

38.7 

33.6 
34.8 
34.7 
34.9 

** Tuo-stage t e s t .  

1 /  T e n t a t i v e  S o i l  Conservat ion Serv ice  names. - 



Table 3-Samples grouped by Soil Resource Inventory (SRI) soil type 

s o i  1  
ser ies  L/ 

S i t e  and 
sample number Geologic o r i g i n  

Karta 
She1 i kof 
S i t ka  
Tokeen 
U l l oa  
Wadleigh 
Marine c lay  

(Gunnuck) 
Mi tko f  

Kupreanof 
T r a i t o r s  

(Vixen) 
To l s to i  
Taxadjunct 

G lac ia l  t i l l  
Weathered volcanic ash and pumice 
Weathered volcanic ash and pumice 
Residual s o l l  der ived from graywacke 
Residual s o i l  der ived from graywacke 
Weathered g l a c i a l  t l l l 
Postg lac ia l  u p l i f t e d  marine 
deposits. c lay,  and s i l t s  

Weathered g r a n i t i c  bedrock and g l a c l a l  t i l l  
(und i f f e ren t l a ted )  

Al luvium der ived from estuar ine  sediments 
G lac ia l  t i l l der ived from p h y l l i t e  and sch i s t  

Col luvium der ived from graywacke 

1 /  Tenta t ive  S o i l  Conservation Service names. - 

Table 4-Samples grouped by Unified Soil Classification (USC) soil type 

Unl f led  S o i l  Sol 1  s  S i t e  
C l a s s i f i c a t i o n  ser ies 1/ number 

To ls to l  
Wadlelgh 
Kupreanof 
To ls to l  
To1 st01 
To ls to l  
To ls to i  
Wadlelgh 
Wadlelgh 
Wadldgh 
Karta 
Shel lkof  
S l tka  
Karta 
Ul loa 
Wadlelgh 
Ill t k o f  
Mitkof  
Kupreanof 
Mltkof  
Mitk0f 
Kupreanof 
To ls to l  
Tokeen 
Wadlelgh 
Wadlelgh 
Marlne c lay  
Marlne c l a y  
Tra i to rs  
Tra i to rs  
Tra l to rs  
Tra l to rs  
Tra i to rs  
Kupreanof 
Kupreanof 
Kupreanof 
I l i t k o f  
Gunnuck 
R r i n e  c lay  
Marlne c lay  

C o l l u v i w  (graywacke) 
Weathered g l a c i a l  tlll (graywacke) 
A1 l u v l r u  (estuar lne sedlment) 
Colluvlum (grayuacke) 
Colluvium (graywacke) 
Col luvlun (graywacke) 
Col luviun (graywacke) 
neathered g l a c i a l  t l l l  (graywacke) 
Weathered g l a c i a l  t i l l  (grayuacke) 
Weathered g l a c i a l  t i l l  (graywacke) 
G lac ia l  t l l l  (graywacke. g ran l te )  
Volcanic ash. pumlce 
Volcanic ash, pumlce 
Glac ia l  t i l l  (graywacke. g ran l te )  
Residual s o l l  ( l imestone) 
Weathered g l a c l a l  till (grayuacke) 
Weathered g r a n i t i c  bedrock and g l a c i a l  t i l l  (und l f fe ren t la ted)  
Weathered g r a n i t l c  bedrock and g l a c l a l  t i l l  (und l f fe ren t la ted)  
Al luvlum (estuar lne sediment) 
Weathered g r a n i t l c  bedrock and g l a c l a l  t i l l  (und l f fe ren t la ted)  
Weathered g r a n l t l c  bedrock and g l a c i a l  t i l l  (und l f fe ren t la ted)  
Al luvium (estuar ine sediment) 
Colluvium (graywacke) 
Residual s o i l  (grayuacke) 
Weathered g l a c i a l  tlll (grayuacke) 
Weathered g l a c i a l  t i l l  (graywacke) 
Postglaclal  u p l i f t e d  m r l n e  deposits, clay. and s l l t s  
Postglacial  u p l i f t e d  marine deposits, clay. and s l l t s  
G lac ia l  t i l l  ( p h y l l l t e / s c h i s t )  
G lac ia l  t l l l  ( p h y l l l t e / s c h l s t )  
G lac ia l  t i l l  ( p h y l l i t e / s c h l s t )  
Glaclal  t i l l  ( p h y l l l t e / s c h l s t )  
Glaclal  t i l l  ( p h y l l i t e / s c h i s t )  
A l l u v l u n  (estuar ine sediment) 
Al luvium (estuar ine sediment) 
Al luvlum (cstuar lne sediment) 
Weathered g r a n i t i c  bedrock and g l a c i a l  t i l l  (und l f fe ren t la ted)  
Marlne sedlment 
Postglacial  u p l i f t e d  marine deposits, clay, and s i l t s  
Postglacial  u p l i f t e d  m r l n e  deposits, clay. and s i l t s  

1/ Tentat ive S o i l  Conservation Service names. 



Table 5-Samples grouped by geologic origin 

Geologic  o r i g i n  
s o i  1  

s e r i e s  1/ 
S i t e  U n i f i e d  s o i l  

number c l a s s i f i c a t i o n  

Co l l uv ium (graywacke) T o l s t o i  

G l a c i a l  till (grayuacke. g r a n i t e )  
G l a c i a l  t i l l  (graywacke, g r a n i t e )  

G l a c i a l  t i l l  (graywacke) 
G l a c i a l  t i  11 (graywacke) 
G l a c i a l  t i l l  (grayuacke)  
6 l a c i a l  t l l l  (grayuacke)  
6 l a c i a l  t i l l  (grayuacke)  
G l a c i a l  t i l l  (grayuacke)  
G l a c i a l  till (graywacke) 

Weathered g r a n i t i c  bedrock and g l a c i a l  t i l l  ( u n d i f f e r e n t i a t e d )  
Weathered g r a n i t i c  bedrock and g l a c i a l  till ( u n d i f f e r e n t i a t e d )  
Weathered g r a n i t i c  bedrock and g l a c i a l  till ( u n d i f f e r e n t i a t e d )  
Weathered g r a n i t i c  bedrock and g l a c i a l  t i l l  ( u n d i f f e r e n t i a t e d )  
Weathered g r a n i t i c  bedrock and g l a c i a l  t i l l  ( u n d i f f e r e n t i a t e d )  

G l a c i a l  t i l l  ( p h y l l i t e / s c h i s t )  
G l a c i a l  t i l l  ( p h y l l i t e / s c h i s t )  
G l a c i a l  t i l l  ( p h y l l i t e / s c h i s t )  
G l a c i a l  t i l l  ( p h y l l i t e / s c h i s t )  
G l a c i a l  t i l l  ( p h y l l i t e / s c h i s t )  

Co l l uv ium (grayuacke)  
Co l l uv ium ( g r a p a c K e )  
Co l l uv ium (graywacke) 
Col l u v i u m  (graywacke) 
Co l l uv ium (graywacke) 

Mar ine sediment 

P o s t g l a c i a l  u p l i f t e d  mar ine d e p o s i t s ,  c l a y  and s i l t s  
P o s t g l a c i a l  u p l i f t e d  mar ine d e p o s i t s ,  c l a y  and s i l t s  
P o s t g l a c i a l  u p l i f t e d  mar ine d e p o s i t s ,  c l a y  and s i l t s  
P o s t g l a c i a l  u p l i f t e d  mar ine depos i t s .  c l a y  and s i l t s  

A l l u v i u m  ( e s t u a r i n e  sediment) 
A l l u v i u m  ( e s t u a r i n e  sediment)  
A l l u v i u m  ( e s t u a r i n e  sediment)  
A l l u v i u m  ( e s t u a r i n e  sedlment) 
A l l u v i u m  ( e s t u a r i n e  sediment)  
A l l u v i u m  ( e s t u a r i n e  sediment)  

Vo lcan ic  ash, pumice 
Vo lcan ic  ash, pumice 
Residual  s o i l  (graywacke) 
Residual  s o i l  (graywacke) 

Ka r ta  
K a r t a  

Wadleigh 
Wadleigh 
Wadleigh 
Wadleigh 
Wadleigh 
Wadleigh 
Wadleigh 

M i t k o f  
M i t k o f  
M i t k 0 f  
Mi t k o f  
M i t k o f  

T r a i t o r s  
T r a i t o r s  
T r a i t o r s  
T r a i t o r s  
T r a i t o r s  

T o l s t o i  
T o l s t o i  
T o l s t o i  
T o l s t o i  
T o l s t o i  

Gunnuck 

Mar ine c l a y  
Mar ine c l a y  
Mar ine c l a y  
Mar ine c l a y  

Kupreanof 
Kupreanof 
Kupreanof 
Kupreanof 
Kupreanof 
Kupreanof 

S h e l i k o f  
S i t k a  
Tokeen 
U l l o a  

1/ T e n t a t i v e  S o i l  Conserva t i on  Serv i ce  names 



Table 6-Estimated range of engineering properties for Soil Resource Inven- 
tory (SRI) soil t y p e d  

F i f t h  F i f t h  
Mean percent 11 e Mean percent  i 1 e Mean 

S o i l  se r i es  d' d f  c '  c' Y 

Kar ta  
She1 i k o f  
S i t k a  
Tokeen 
U l l o a  
Wadleigh 
Marine c l a y  
M i t k o f  
Kup reanof 
T r a i t o r s  
To1 s t o i  

- - -  degrees - - - 
36 23 
25 * 
3 9 * 
3 6 t 

3 4 * 
37 27 
3 3 20 
33 22 
3 8 3 1 
3 6 3 0 
3 6 29 

-- - 

* = one sample only; mean value I s  r e s u l t  o f  s i n g l e  t e s t .  

JJ Mean values should be used f o r  general assessment o f  s o i l  behavior. F i f t h  
p e r c e n t i l e  values should be used f o r  conservat ive  ana l ys i s  o f  s e n s i t l v e  areas. 

Table 7-Estimated range of engineering properties for Unified Soil Classifica- 
tion (USC) soil t y p e 0  

F l f t h  F i f t h  
Un l f led  So l l  Mean percent i le  Mean percentile Mean 
Class l f  l ca t l on  dl  d l  C' C '  Y 

- - - degrees - - - - - - - lb / f t 2  - - - - l b / f t 3  

= one sample only; mean value I s  r e s u l t  o f  s lng le  tes t .  

1, Mean values should be used fo r  general assessment o f  sol1 behavlor. F l f t h  
percent l le  values should be used f o r  conservative analysls o f  sens l t l ve  areas. 



Table 8-Estimated range of engineering properties for geologic materials ' 1  

F i f t h  F i f t h  
Mean percent i 1 e Mean percent i 1 e Mean 

Geologic o r i g i n  d' d1 c1  c 1  Y 

Col luvium and ti l l s o i l s  36 27 206 0 116 
Marine c lays  33 20 312 0 13 1 
Al luvium 3 8 31  182 0 109 
Volcanic ash 32 12 240 210 82 
Residual s o i l s  3 5 33 115 85 102 

U Mean values should be used f o r  general assessment o f  s o i l  behavior. F i f t h  
p e r c e n t i l e  values should be used f o r  conservat ive ana lys is  o f  s e n s i t i v e  areas. 
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Figure 2-Response of the water table to rainfall intensity within 
shallow upslope depressions at Hollis, Prince of Wales Island. 
The soil in the depressions belongs to the Karta series (SM). 
(Adapted from Swanston 1967.) 



Landslide Risk Prellwitz (1985) recommends a three-level approach to landslide risk analysis. Each 
Analysis Procedures successive level requires a more detailed look at the potential for mass instability. 

Briefly described, Prellwitz' recommended analysis levels include the following: 

Level I-Resource allocation; provides managers with an overview of landslide 
potential that is adequate for resource allocation planning. 

Level 11-Project planning; predicts response of slide-prone areas to various 
harvesting systems and transportation routes. 

Level Ill-Critical site stabilization; evaluates stabilization techniques at critical sites 
before and after any construction. 

Figure 3 gives a general outline for any landslide risk assessment. Elements of it 
can be incorporated in either a level I or a level II analysis; either analysis requires 
topographic mapping and geologic reconnaissance studies. The geologic recon- 
naissance study identifies bedrock and structural control in an area, defines 
limiting characteristics of terrain and materials, and delineates areas where mass 
movement historically has been a problem. In level I studies, these areas usually 
are designated as "high-risk zones" and are avoided in resource allocation plans 
or are identified for more intensive evaluation. Soil properties usually are not quan- 
tified nor are engineering analyses made. Risk assessment is based largely on an 
inductive evaluation of the area, which is based on observation. In level II studies, 
more specific site investigations are incorporated to identify critical zones of in- 
stability and to provide a way to determine where cutting units and roads will be 
located. 

The engineering methods presented here supplement the experience-based 
assessment procedures commonly used for resource allocation planning. The 
methods provide an analytical approach to identify a range of risk levels within a 
potentially troublesome area and to assign criteria for efficient and effective 
management. 

Required Data Data required to use the objective analysis method include: 

1. Slope data-natural slope angle and the slope angle and height of the road cut. 
These are obtained from topographic maps, field measurements, and preliminary 
construction plans. 

2. Ground-water levels-location of the ground-water surface during qritical periods. 
In southeast Alaska this is usually between September and December. Swanston's 
(1967) analysis of ground-water fluctuations in response to 24-hour rainfall inten- 
sities for shallow, permeable soils is shown in figure 2. To use figure 2, it is neces- 
sary to determine, for the location of landslide risk assessment, a rainfall associated 
with the project requirements. lsohyte maps of 24-hour rainfall intensity for different 
recurrence intervals in southeast Alaska were plotted by Miller (1963). An example 
for a 10-year recurrence interval is shown in figure 4. 
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Figure 3-General outline for landslide risk assessment at the 
resource allocation (I) and project planning (11) levels. 
Topographic mapping and geological reconnaissance are re- 
quired for both levels. In addition, level II requires more specific 
soil properties investigation and engineering analysis to identify 
critical zones of instability and a range of risk levels. 

Judgments must be made on the appropriate recurrence period when a rainfall in- 
tensity is selected for analysis. The appropriate period might be based on the 
estimated time of establishment of new vegetation at a clearcut site, the estimated 
time for maximum decay of old-growth root systems following cutting, or the design- 
life of a road. There is some guidance for making these judgments. Wu and 
Swanston (1980) show that maximum instability of a steep site due to decay of old- 
growth spruce-hemlock systems (Picea sp.-Tsuga sp.) occurs about 4 years after 
clearcutting. Significant regrowth of stabilizing vegetation occurs in about 8 years. 
Storms with intensities great enough to produce a maximum rise in the water table 
within the period of minimum stability will result in high-risk situations. Storms with 
recurrence intervals greater than the period of significant regrowth will have a much 
lower potential for producing landslides. 



Figure 4-Ten-year recurrence interval, 24-hour rainfall pattern 
for southeast Alaska, in inches (Miller 1963). 

The piezometric head on the y-axis of figure 2 is the water level above an imper- 
vious subsurface. Soil depth above this impervious surface must also be known to 
do a stability analysis. In the typically shallow soils found at unstable sites in south- 
east Alaska, soil depth can be obtained readily by using probes or augers. For 
deeper soil sites or where large quantities of rock are entrained in the overburden 
profile, a seismograph can be used. For level I (planning) analyses, estimates of 
soil depth based on Soil Resource Inventory (SRI) maps are usually adequate. 

3. Data on soil properties are summarized in tables 6, 7, and 8. Any of these 
tables can be used to assign soil properties for analysis according to terrain infor- 
mation available to the user. In the tables, mean soil shear strength variables (9') 
and (c'), and bulk (saturated) unit weights (r) are given. Also shown are more con- 
servative (fifth percentile) values of the shear strength parameters. The minimum 
values are derived by subtracting two standard deviations from the mean parameter 
to obtain an approximate lower 95-percent confidence limit. By this method, the 
parameter indicated represents, approximately, the lower strength limit for 95 per- 
cent of the soil group. The accuracy of these lower limits can be only approximated 
because of the small number of samples in each soil group. Where better data are 
available, or where individual sites have been identified for further project level 
analysis, the user should develop and assign more appropriate soil strength 
parameters. In level II site investigations, particular care should be taken when 
directly applying these assigned values. Natural variation in soil properties and 
structural weaknesses (for example, the presence of a weak layer at the soillrock 
interface) may result in overestimation of material strength. 



Analysis This section explains the recommended procedures for level I or level II analysis 
(refer to fig. 3). A geologic reconnaissance is desirable at both levels to define con- 
trolling terrain characteristics and to identify those areas with a history of active 
landsliding. In addition, site investigations should be conducted in identified critical 
areas for level II to facilitate location of final cutting unit boundaries and road cor- 
ridors. The investigations should include, at a minimum, preparation of field- 
developed cross sections and collection of data on site-specific soil properties and 
structure. Step-by-step procedures are: 

1. Obtain a topographic map of the study area. 

2. Prepare an overlay map of the slopes in the study area using convenient slope 
ranges; suggested ranges are 0-30 percent, 30-50 percent, 50-60 percent, and 
more than 60 percent. 

3. ldentify areas with a history of active landsliding by using aerial photographs, 
ground reconnaissance, or available landslide inventories. 

4. ldentify dominant soil types and depths for each portion of the study area within 
each slope range selected in step 2. Choose strength parameters, d, and c', and a 
bulk unit weight, -y, from tables 1, 2, or 3. Mean values normally are used, but min- 
imum values may be chosen for especially sensitive areas. 

5. Select the recurrence interval for the 24-hour rainfall to be used in the stability 
assessment. Research has shown that landslide frequency is greatest in clearcut- 
tings 3 to 5 years after logging (Swanston 1974). Conservative estimates of land- 
slide risk could, therefore, be based on a 10-year recurrence interval; less conservative 
estimates could be based on a 5-year return interval. 

6. Determine, from figure 2, the estimated ground-water height (piezometric head), 
h, for the selected 24-hour rainfall. 

7. Use simplified engineering procedures and estimated or field-developed strength 
parameters to determine the potential instability of natural slopes and slopes 
created by cuts for roads. 

Natural slopes-Use equation (2), the infinite slope equation, to compute the fac- 
tor of safety (FS) for various slope classes: 

In equation (2), c', 4', and are taken from tables 6, 7, or 8. The soil depth is z. If h 
is the ground-water height from step 6, above, then m = hlz. The unit weight of 
water, y,, is 62.4 pounds per cubic foot (Iblft3). Other units may be used in equa- 
tion (2), but all units must be dimensionally consistent. Slope angle, in degrees, is 
represented by b, which is equal to the angle whose tangent is the percent of the 
slope divided by 100. 



Cut slopes-Slopes caused by cuts made for roads are presumed to be stable at 
the time of excavation. In special cases, where previously existing landslides are 
transected by a cut, this would not necessarily be true. For purposes of risk 
analysis, such areas would be identified in the geologic reconnaissance phase and 
be assessed separately. Typically, cut slopes become unstable during the rainy season. 

In addition to steps 1-6, above, it is necessary to know the proposed angle (P) of 
the cut slope and the slope height to compute the relative stability of proposed cut 
slopes. For logging roads, a proposed cut slope angle is estimated and height 
limits for the slope are chosen based on roadway width requirements, road align- 
ment, and topography. 

For cohesionless soils (c' = O), the factor of safety is computed using equation (2). 
The first term is set equal to zero and P is set equal to the angle of the cut slope 
above the horizontal. For cohesive soils, calculations are based on the method 
illustrated in figure 5. 

Examples-Suppose the impact on slope stability from roads and from logging a 
watershed in the upper elevations of northern Chichagof Island must be estimated. 
A geologic reconnaissance of the watershed has been completed by using aerial 
photographs and limited ground reconnaissance. There are no significant bedrock 
exposures. The dominant soil type is a weathered glacial till with an average depth 
of 6 feet. The overlay map of the slopes has been completed, and it shows the 
following distribution of natural slope classes: 

Slope class - -- Slope angle -- Percent of watershed area 

0-30 percent 0-1 6.7' 
30-50 percent 16.7-26.6' 
50-60 percent 26.6-31 O 

>60 percent >31 O 

From table 8, the following soil properties are selected: 

6' (mean) = 36O 
c' (mean) = 206 pounds per square foot (lb/ft2) 
7 (mean) = 116 pounds per cubic foot (lb/ft3) 
4' (minimum) = 27O 
c' (minimum) = 0 pounds per square foot (lb/ft2) 

For a 10-year recurrence interval, the estimated 24-hour rainfall is 10.inches (from 
fig. 4). From figure 2, for a projection of 10 inches of rainfall per day in drainage 
depressions, h = 73 inches or about 6 feet. Therefore m = 1. For natural slopes 
and under average conditions, from equation (2): 
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Figure 5-The relation between the angle of the cut slope 
(4 ) and stability number (Ncf) for different seepage factors (A,,), 
in cohesive soils. If ground water flow is present, use an approx- 

imation of the angle of internal friction, 4 = 4' 
yHtan6 

define the seepage factor, A,.$ = - . The stability number, 
C 

N,,, can then be taken from the chart. The factor of safety 

Ncfc 
i s = - .  

?H 



Combining 
Reconnaissance 
and Analysis 

For the various slope classes, the range in the factor of safety (FS) would be: 

Slope class Percent of watershed area FS 

0-30 percent 
30-50 percent 
50-60 percent 
>60 percent 

Very high-2.20 
2.20-1.41 
1.41 -1.23 

< 1.23 

Now consider the proposed roads in the watershed. Preliminary plans indicate that 
the cuts for roads will be as high as 15 feet and that the slope inclination will be 
112 (horizonta1):l (vertical). Previously selected soil properties are applicable, as is 
the water level resulting from rainfall infiltration for the 10-year, 24-hour rainfall. 

First, p = arc tan (2) = 63.4O. Because of the heavy downslope seepage, an ap- 
proximation must be made for 4 to use figure 5: 

which leads to: 

Note that the soil depth, z, is less than the full depth of the cut. Therefore, the cut 
height, H, is equal to z, or 6 feet. Then from figure 5, NCf = 6.3 and: 

The result indicates that-the soil mantle over rock in the deepest proposed cuts 
would be stable (FS > 1) and would have an adequate (> 1.5) factor of safety. 

The areas with greatest landslide risk are those where landslides have happened 
before, where analysis indicates they should happen again, and where there will 
be unacceptable consequences if they do happen. The areas with least risk are 
those where there have been no slides, where analysis shows that there should 
not have been slides, and where the consequences would be tolerqble if there 
were slides. In between these limits there is a gradation of risk that'can be as- 
signed according to criteria listed in table 9. 

The descriptions "low," "moderate," and "high" are subjective only. Risk levels 
can also be quantified based on probability. To do so requires a large data base 
to determine confidence in parameters for soil shear strength and in ground-water 
response to rainfall. Because this data base is not presently available for south- 
east Alaska, we did not quantify risk based on probability. 



Table 9-Supplemental criteria for assessing the risk of landslides 

Road Subgrades 
and Bases 

Relatlve 
Landsl ide h is tory  Factor of safety Consequences r lsk 

None 
Llmited 
Frequent 

> 1.50 To l erab l e Low 
1.25-1.50 Excess i ve Moderate 

< 1.25 Unacceptab l e High 

To use table 9, begin with the landslide history and use data from ground recon- 
naissance or aerial photographs. If the area under consideration has frequent land- 
slides or is presently involved in active sliding, if the calculated factor of safety is 
less than 1.25, and if a new slide would produce unacceptable consequences, the 
area is a high-risk area. It should be avoided, or the risks should be reduced in 
some way. For other, less well-defined situations, judgments must be made con- 
cerning weights to be assigned to each criterion in table 9 to arrive at an overall 
risk level. For instance, in an area with no landslide history (low risk), where the 
calculated factor of safety is 1.3 (moderate risk), and where the consequences of 
an actual slide are tolerable (low risk), an activity capable of triggering a slide 
could probably be done without great risk. 

In our hypothetical watershed on Chichagof Island, there was no notable landslide 
history and no especially sensitive areas to be affected by landslides. The stability 
analysis for natural slopes indicates, according to table 9, that clearcutting on 
slopes up to about 50 percent would be generally acceptable and should not pro- 
duce significant sliding in the cut units. The risk goes up as slopes approach 60 
percent but is still generally acceptable. Slopes steeper than 60 percent should not 
be logged. The analysis therefore indicates, based on slope stability risks, that up 
to 96 percent of the watershed may be cut. The leave areas should be shown on 
the overlay map. Slopes adjacent to proposed roads in the watershed should be 
stable. The analysis cannot be interpreted to mean that there would be no slides 
in the cut units and along roads because all slide-susceptible areas, of course, 
may not be adequately represented in the data base. 

Costs for timber access and haul roads in southeast Alaska vary dramatically ac- 
cording to the suitability of onsite materials for roadway construction. Most road 
building in the Alaska Region (of the USDA Forest Service) requires development 
of offsite quarries, and transport costs can be very high. Quarry development may 
result in a major environmental impact. Where materials from within the road align- 
ment can be used for construction, both dollar savings and aesthetic benefits 
result. In a few areas, depending on joint spacing and construction methods, ex- 
cavations can be used for fill. Unfortunately, on steep ground it is difficult to blast 
rock small enough for fill and to keep it at the site. 



Surfacing for roads requires good quality material. In southeast Alaska surfacing 
usually comes from natural materials that most often consist of pit run, screened, 
or crushed quarry rock. Asphalt and concrete surfacing are seldom used. The re- 
quired thickness of rock varies according to the strength of the underlying 
subgrade materials. Conditions throughout southeast Alaska are generally poor for 
road construction. The wet climate, the predominance of soils with considerable 
fines content, and the standard practices currently followed by the road building in- 
dustry result in circumstances that make quality road construction difficult, at best. 
Rather than building conventional roads on compacted subgrades with thin layers 
of base materials (less than 16 inches), subgrade reinforcement to depths ranging 
from 2 to 10 feet is needed to support vehicles. 

Tables 1 and 4 provide Unified Soil Classification (USC) designations for soils 
represented in the data base. Table 4 relates these classes to both soil series and 
geologic origin. The classes of soils to be expected in a given management area 
can be forecast from geology and soil survey maps. 

Table 10 ranks soils for road construction purposes according to their Unified Soil 
Classification designation; the ranking runs from highest quality to lowest. Table 4 
is arranged the same way. Base course-type materials usually serve as the road 
surface. 

It is beyond the scope of this paper to provide design criteria for surface thickness 
of Forest Service roads. Such designs are more properly handled by regional or 
area engineering staffs. However, this section provides the basis for a general 
assessment of the suitability of natural materials for road construction. Such an 
assessment is consistent with the level of definition provided by landslide risk 
analysis at level I or level II (Prellwitz 1984). 

Consider, for example, the hypothetical watershed on northern Chichagof Island 
that was discussed earlier. The area is underlain predominantly by weathered 
glacial tills. Table 4 shows that these are typically coarse soils, usually gravels, 
with considerable plastic fines. Table 1 indicates that fines content might range 
between about 20 and 50 percent. 

Table 10 shows that weathered glacial tills would be good subgrade materials, 
even if subject to frost action, but they contain too much fine material to be 
suitable for a base course beneath a paved surface or a wearing surface. Further, 
the high fines content does not allow good drainage and, in the climate of southeast 
Alaska, probably makes such soils difficult to compact and to work with equipment 
during most of the year. A road constructed on these materials would require an im- 
ported surfacing. 

The foregoing example considers the expected suitability of onsite road building 
materials in one of the higher quality (upper portion of table 4) materials in the 
data base. The evaluation indicates that properly placed and compacted, the 
material is good as a subgrade; however, actual field conditions are likely to work 
against good construction practices. Timber access and haul road construction in south- 
east Alaska usually will be difficult and expensive because other materials are of 
typically lower quality. 



Table 1 0-Suitability of natural materials for road construction 

USC 1/ symbol 
and desc r ip t i on  

Typica l  design values 
Value when ma te r ia l  

n o t  sub jec t  t o  f r o s t  a c t i o n  
Po ten t i a l  U n i t  3/ 

f r o s t  Drainage Compaction d ry  Subgrade 
As subgrade As subbase As base a c t i o n  cha rac te r i s t i cs  equipment 2/ weight CBR $/ modulus k l/ 

Coarse-grained s o l  1  s  
(gravel  and g r a v e l l y  
s o i l s ) :  
6W. well-graded gravels  
o r  gravel-sand mlxtures.  
l i t t l e  o r  no f i n e s  

GP. poo r l y  graded gravels  
o r  gravel-sand mlxtures 
l i t t l e  o r  no f i n e s  

GMd. s i l t y  gravels. gravel -  
sand-s i l t  mix tures 

Gnu, s i l t y  gravels ,  gravel -  
sand-s i l t  mix tures 

GC. c layey gravels ,  gravel -  
sand-clay mlxtures 

Coarse-grained so l  1s 
(sand and sandy s o i l s ) :  
SU, well-graded sands o r  

g r a v e l l y  sands. l i t t l e  
o r  no f i nes  

SP. poo r l y  graded sand o r  
g r a v e l l y  sands. l i t t l e  
o r  no f ines 

S M ,  s i l t y  sands, sand-s i l t  
mlx tures 

SMu, s i l t y  sands. sand-s i l t  
mix tures 

SC, c layey sands, sand-clay 
mixtures 

Fine-gralned s o i l s  
( s i l t s  w i t h  l i q u i d  l i m i t  
l ess  than 50): 
ML. Inorganic  s i l t s  and very 

f i n e  sands, rock  f l o u r  
s i l t y  o r  c layey f i n e  
sands o r  c layey s i l t s  
w i t h  s l i g h t  p l a s t l d t y  

CL. Inorganic  c lays  of low 
t o  medium p l a s t i c i t y .  
g r a v e l l y  clays. sandy 
clays. s i l t y  clays. 
lean c lays  

OL, organic s i l t s  and 
organic s i l t - c l a y s  
of \ow p l a s t i c i t y  

Exce l l en t  

Good 
t o  

e x c e l l e n t  

Good 
t o  

excel l e n t  

Good 

Good 

Good 

Fa1 r 
t o  

good 

Fa1 r 
t o  

good 

Fa1 r 

Poor 
t o  

f a i r  

Poor 
t o  

f a i r  

Poor 
t o  

f a i r  

Poor 

Excel l en t  

Good 

Good 

F a i r  

F a l r  

F a i r  
t o  

good 

F a i r  

F a i r  
t o  

good 

Poor 
t o  

f a i r  

Poor 

Not 
s u l t a b l e  

Not 
s u i t a b l e  

Not 
s u l t a b l e  

Good 

F a i r  
t o  

good 

F a l r  
t o  

good 

Poor 
t o  no t  

s u i t a b l e  

Poor 
t o  no t  

s u i t a b l e  

Poor 

Poor 
t o  no t  

Sui tab le 

Poor 

Not 
su i tab le  

Not 
su i tab le  

Not 
s u l t a b l e  

Not 
s u i t a b l e  

Not 
s u l t a b l e  

None t o  
very 

s l i g h t  

None t o  
very 

s l i g h t  

S l i g h t  
t o  

medl um 

S l i g h t  
t o  

medl um 

S l i g h t  
t o  

med i um 

None t o  
very 

s l i g h t  

None t o  
very 

s l i g h t  

S l i g h t  
t o  

h igh  

S l i g h t  
t o  

h igh  

S l i g h t  
t o  

h igh  

Medium t o  
very h igh  

Med 1 urn 
t o  

h igh  

Medium 
t o  

h igh  

Excel lent  

Excel lent  

Fa i r  

Poor t o  
p r a c t i c a l l y  
impervious 

Poor t o  
p r a c t i c a l l y  
Impervious 

Excel lent  

Excel lent  

F a i r  t o  
poor 

Poor t o  
p r a c t l c a l l y  
impervious 

Poor t o  
p r a c t l c a l l y  
impervious 

F a l r  
t o  

poor 

P r a c t i c a l l y  
l w e r v l o u s  

Poor 

Crawler-type t r a c t o r .  
rubber- t i red r o l l e r .  
steel-uheeled r o l l e r  

Crawler-type t r a c t o r .  
rubber- t i red r o l l e r .  
steel-uheeled r o l l e r  

Rubber-t ired r o l l e r .  
sheepsfoot r o l l e r ;  
c l ose  con t ro l  of 
moisture 

Rubber-t ired r o l l e r .  
sheepsfoot r o l l e r  

Rubber-t ired r o l l e r .  
sheepsfoot r o l l e r  

Crawler-type t r a c t o r .  
rubber- t i  red r o l l e r  

Crawler-type t r a c t o r .  
rubber- t i  red r o l l e r  

Rubber-t ired r o l l e r .  
sheepsfoot r o l l e r ;  
c lose con t ro l  o f  
moisture 

Rubber-t ired r o l l e r .  
sheepsfoot r o l l e r  

Rubber-t ired r o l l e r .  
sheensfoot r o l l e r  

Rubber-t ired r o l l e r .  
sheepsf oo t  r o l l e r ;  
c lose con t ro l  o f  
no l s tu re  

Rubber-t ired r o l l e r .  
sheepsfoot r o l l e r  

Rubber-t ired r o l l e r .  
sheepsfoot r o l l e r  

40-80 

30-60 

40-60 

20-30 

20-40 

20-40 

10-40 

15-40 

10-20 

5-20 

15 o r  
l ess  

5 o r  
less 

5 o r  
less 

See footnotes a t  end o f  t ab le .  



Table 10-Suitability of natural materials for road construction (continued) 

USC I/ sytnb01 
and descr ipt ion 

Typical design values 
Value when mater ia l  

no t  subject  t o  f r o s t  ac t ion  
Potent ia l  u n i t  y 

f r o s t  Drainage Conpaction dry Subgrade 
As subgrade As subbase As base act ion charac te r i s t i cs  equipment I/ w i g h t  CBR &/ modulus k g/ 

Fine-grained s o i l s  ( s i l t s  
and clays w i t h  l i q u i d  
l i m i t  greater  than 50): 
UH. inorganic s i l t s .  mica- 

ceous o r  diatcinaceous 
f i n e  sandy o r  s i l t y  
so i l s ,  e l a s t i c  s i l t s  

CH. inorganic c lays of h igh 
p l a s t i c i t y ,  f a t  c lays 

OH, organic c lays of medium 
t o  h igh p l a s t i c i t y  
organic s i l t s  

Fine-grained s o i l s  ( s i l t s  
and c lays w i th  l i q u i d  
l i m i t  greater  than 50): 
Pt. peat and o ther  
h igh ly  organic 
s o i l s  

Poor 

Poor 

Poor 
t o  

very 
poor 

Not 
su i tab le  

Not Not Medium t o  
s u i t ~ b l e  sui table very h igh 

Not Not Med l urn 
su i tab le  su i tab le  

Not Not Medi um 
su i tab le  su i tab le  

Not Not S l igh t  
su i tab le  su i tab le  

Fat r 
t o  

poor 

Prac t i ca l l y  
impervious 

Prac t i ca l l y  
impervious 

F a i r  
t o  

poor 

Sheepsfoot r o l l e r .  
rubber- t i red r o l l e r  

Sheepsfoot r o l l e r .  
rubber- t i red r o l l e r  

Sheepsfoot r o l l e r .  
rubber- t i red r o l l e r  

Compaction no t  
p rac t i ca l  

90-115 15 o r  50-100 
less 

80-110 5 o r  25-100 
less 

1/ Uni f ied  S o i l  C lass i f i ca t lon  system. Oivlsions based on g ra in  s ize and p l a s t i c i t y  propert ies.  D iv i s ion  of GW and SM groups i n t o  subdivisions. d and u. 
are f o r  roads and a i r f i e l d s  only. Subdivision i s  on basis o f  Atterberg Limits; s u f f i x  d ( f o r  example. GMd) w i l l  be used when the l i q u i d  l i m i t  i s  25 o r  less 
and the p l a s t i c i t y  index i s  5 o r  less; the s u f f i x  u w i l l  be used otherwise. 

I/ The equipment l i s t e d  w i l l  usua l l y  produce the required densi t ies w i th  a reasonable nunber of passes when molsture condi t ions and thickness o f  l i f t  are 
proper ly  con t ro l led .  I n  some Instances, several types o f  equipment are l i s t e d  because var iable s o i l  charac te r l s t l cs  w i t h i n  a given s o i l  group may require 
d i f f e r e n t  equipment. I n  some instances, a conbination o f  two types rnay be necessary. 

a. Processed base materials and other angular naterfals.  S t e e l ~ h e e l e d  and rubber- t i red r o l l e r s  are r e c m n d e d  f o r  hard, angular mater ia ls  w i th  l i m i t e d  
f ines  o r  screenings. Rubber-tired equipment i s  reconmended f o r  so f te r  mater ia ls  subject t o  degradation. 

b. Pinishing. Rubber-tired equipment i s  r e c m n d e d  f o r  r o l l i n g  during f i n a l  shaping Operations f o r  most s o i l s  and processed nmter ia ls .  

c .  lqulpment s i z e .  The fo l lowing sizes of equipment are necessary t o  assure high u n i t  weights: 

Crawler-type t rac to r - - to ta l  weight i n  excess of 30,000 l b .  

Rubber-tired equipment--wheel load i n  excess of 15.000 lb ;  wheel loads as h lgh as 40.000 may be necessary t o  obtain the required u n i t  w i g h t s  f o r  some 
mater ia ls  (based on contact pressure o f  approximately 65 t o  150 lb/ ln2) .  

Sheepsfoot r o l l e r - - u n i t  pressure (on 6- t o  12-in2 foo t )  t o  be i n  excess o f  250 lb / in2  and u n i t  pressures as h lgh as 650 lb / in2  nay be necessary 
t o  obtain the  required u n i t  weights f o r  s o n  mater ia ls .  The area of the feet  should be a t  l eas t  5 percent of the t o t a l  per ipheral  area o f  the drum. 
using the  diameter measured t o  the  faces of the fee t .  

a/ Unit  d ry  w i g h t s  are f o r  compacted s o i l  a t  optimum moisture content f o r  modified AASHO c ~ n p a c t i o n  e f f o r t .  

$/ Ca l i fo rn ia  Bearing Ratio. The maximum value t h a t  can be used i n  design of a i r f i e l d s  I s .  I n  some cases. l i m l t e d  by gradation and p l a s t i c i t y  r e q u i r c n t s .  

r/ llodulus o f  subgrade react ion.  



Conclusions Extensive quantification of geotechnical information on surficial materials in 
southeast Alaska is lacking. A data base is developing, however, that links 
engineering properties and index values to dominant soil types as designated and 
mapped by the USDA Forest Service, Alaska Region, Soils Resource Inventory. 
This information, coupled with simplified engineering analysis procedures, can be 
used in resource allocation and project planning analyses to determine the poten- 
tial instability of natural slopes and of slopes created by cuts for roads. The infor- 
mation is also useful for assessing the suitability of these soils as road subgrades 
and bases. 

Metric Equivalents 1 inch (in) = 2.54 centimeters (cm) 
1 foot (ft) = 0.31 meter (m) 
1 mile (mi) = 1.61 kilometers (km) 
1 pound-mass (Ib) = 0.45 kilogram mass 
1 square inch (inn) = 6.47 square centimeters (cm2) 
1 square foot (ft2) = 0.09 square centimeter (cm2) 
1 cubic inch (in3) = 16.39 cubic centimeters (cm3) 
1 cubic foot (ft3) = 0.03 cubic meter (ma) 
1 pound-force (Ibf) = 4.45 newtons (N) 
1 pound-force per square inch (IbfIin2) = 0.07 kilogram-force per square 

centimeter (kgflcm2) 
1 pound-mass per cubic inch (Iblins) = 27680.0 kilograms-mass per square 

meter (kglcms) 
1 pound-force per square foot (Ibflftz) = 4.88 kilograms-force per square 

meter (kgflm2) 
1 pound-mass per cubic foot (Iblfta) = 16.02 kilograms-mass per cubic 

meter (kglm3) 
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