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THINGS ACCOMPLISHED THIS YEAR 

1) Effect of embedment material and in-situ soil on pipe 
performance 

2) Soil cl: ;ification system 

3) Design rules for deflection and buckling 

4) Design rules for minimum depth of cover 

5) Recommended use of sliding shoring (postponed as of 
March 30 meeting) 

6) Developed a method for calculating pipe wall strain 

7) Progress reports 

2 



EXTRA ITEMS ACCOMPLISHED 

1) CANDE-SSTIPN comparison 

2) Full factorial analysis in terms of important design 
parameters 

3) Response to Ken Kienow's paper 

4) Pipe rectangularization study 

5) Creep study 

6) Effect of amount of primary fill 

7) Voids or imperfect placement of material beside the 
pipe 

8) Paper for the "International Journal for Numerical and 
Ana'lytical Methods in Geomechanics" 

9) Paper for the San Francisco ASCE convention 

10) Assistance to Spirolite design engineers on design 
problems 

11) Cartoons to explain the flexible pipe concept 
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DESIGN #1 

Check Deflection and Strain 
For a 48 in. Profile #9 Pipe 

No Water Table 
Trench Width = 1.50 

Lean Clay In-situ Soil 
Granular Backfill 90% Relative Compaction 

Depth of Cover Above Springline = 21-38 ft. 
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STEP NUMBER 1 

Classify Soil and Go To Presumptive Soil Charts 
to Obtain Soil Parameters 
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FINE-GRAINED SOILS DATA FROM SIMPLE TESTS 

Unit Weight (YT) = 130 
Liquid Limit (wL) = 45% 

Plasticity Index (PI) = 30% 
Unconfined Compressive Strength (Su) = 30 

Description: Lean Clay 
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FIGURE 

C VS. SU Relation for UU Fine Grained Soil S 

III 

C = 14 PSI 

10 20 30 40 50 60 70 
UNCONFINED COMPRESSIVE STRENGTH, Su (psj) 

Presumptive C vs. S Relationship For Unconsolidated Undrained 
u Fine-Grained Soils 
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DEFINITIONS OF SOIL ZONES 

Zone I - These soils require detailed soils 
investi ations (including triaxial 
soils tests and computer analysis 

Zone II - These soils require detailed soils 
investigations (includiny triaxial 
soils tests) and computer analysis. 
However, design equations can be used 
in place of computer analysis when 
high quality crushed stone backfill is 
used. 
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DEFINITIONS OF SOIL ZONES (cont1d) 

Zone III - Normal soils investigation and 
testing and use of design equations. 
Triaxial tests may lower factors of 
safety for safe design. 

Zone IV - Normal soils investigation and 
testing and use of design equations. 
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STEP NUMBER 2 

Get Conservative Values 
For Backfill Soil Parameters 
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CONSERVATIVE SOIL PARAMETERS 
FOR COARSE AGGREGATE BACKFILL MATERIAL 

Relative 
I I 

Unit K N cp Rf C 
Compaction Weight 

90 150 600 0.4 42 0.7 0.0 

95 140 300 0.4 36 0.7 0.0 

105 135 200 0.4 33 0.7 0.0 
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SUMMARY OF INPUT FOR DESIGN EQUATIONS 

Design Time = 10 yrs. 
Diameter (D) = 48 

Profile #9 
Trench Width (T) = 72 

Water Table Fraction of Height (P) = 0.0 

In-situ Soil Parameters 
n = 0.5 
K I = no 

I 
C I = 14 
<I> = 3 I 

Backfill Soil Parameters 
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TEXAS TRANSPORTATION INSTITUTE 
STUDY ON DEFORMATION OF LARGE DIAMETER FLEXIBLE PIPES 
PROGRAM : PIPEDSGN 
** DESIGN PROBLEM 1 ** 

====DATA SUMMARY============================================ 
PIPE DESCRIPTION: DIAMETER (INS.) 

SPIROLITE PIPE PROFILE 
CREEP MODULUS (PSI) 
MOMENT OF INERTIA (IN4./IN.) 
AVERAGE PROFILE AREA (IN2./IN.) 
CENTROID (INS.) 

48 
# 9 

29000 
.125 
.492 
.52 

TRENCH WIDTH (INS.) 72 
PIPE COVER (FT) [ TO SPRINGLINE ] 23 
TOTAL UNIT WEIGHT OF SOIL (PCF) 130 
WATER TABLE HEIGHT AS FRACTION OF PIPE COVER 0 

DUNCAN SOIL MODEL PARAMETERS 
INSITU Sal L 

.................... .... .. , ............ . 

BACKFILL SOIL 

PHIl 

COHESION CI 

PHIB 

COHESION CB 

NI : 
KI : 

(DEG.): 
RFI : 

(PSI.): 
NB : 
KB : 

(DEG.): 
RFB : 

(PSI.): 

.s 
24.629 
3 
.7 
14 
.4 
200 
33 
.7 
o 

=====RESULTS SUMMARY FOR THE 10 YEAR PERIOD================ 

EMPIRICAL PRESSURE COEFFICIENT 
AVERAGE BACKFILL SOIL STRESS (PSI.) 
AVERAGE BACKFILL SOIL STRAIN 
SECANT ELASTIC MODULUS OF BACKFILL (PSI.) 
LINEAR PIPE STRAIN 
DIFFERENCE BETWEEN POST YIELD STRAIN 

AND LINEAR STRAIN 

KO 1.8 
SB 37.375 
YB .0233887 

E'B 1598 
YL .0327066 

DEFLECTION IN TERM OF PERCENTAGE OF DIAMETER :::::: 
VERTICAL DEFLECTION/DIAMETER (%) = 7.94776 

END OF JOB 
Dual Routing now OFF 
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PIPE PROGRAM OUTPUT 

Short Term Values 30 Day Values 

6y/D = 2.46% 6y/D = 6.12 

~PI = .0114 in/in sp = .030 
= 1,598 psi E I = 1,598 psi 

b b 

10 Year Values 50 Year Values 

6y/D = 7.95% 6y/D = 9.25% 
sp = .033 in/in sp = .0395 in/in 
E I = 1,598 psi E I = 1,598 ps i 

b b 
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COMPARISON OF REGRESSION EQUATIONS 

WITH PRESENT SPIROLITE DESIGN EQUATIONS 
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Soil 
Type 

Lean 

Clay 

Strong 

Silt 

COMPARISON OF SPIROLITE CRUSH STRENGTH DESIGN CHECK 
WITH REGRESSION STRAIN EQUATION 

Depth of Ten Year Allowable 
Cover Strai n Soil Crush Strength 
Above Regression P ri sm St rength (ps i ) 
Crown Equation Load Spi ro1 ite 

21 .0327 2730 2218 

36 1.046 461)0 2218 

21 .0147 2570 2218 

40 .0265 4916 2218 
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COMPARISON OF REGRESSION AND SPANGLER'S DEFLECTION EQUATIONS 

Depth of Short Term Deflection 10 year Deflection 
Soil Cover 
Type Above Regression Spangler's Regression Spangler's 

Crown Equation Equation Equation Equation 

Lean 21 2.46 1.55 7.95 1.56 

Clay 36 3.59 2.65 11.58 2.66 

Strong 21 .87 1.46 2.81 1.47 
i 

I Si It 40 1.93 2.79 6.22 2.80 
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METHOD USED IN 

DEVELOPING DESIGN EQUATIONS 
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CANOE 

Soil Type 
Trench Geometry 
Pipe Properties 

Modified 
CANOE 

P rog ram 

Complete Soil 
and 

Input 

Output 

Pipe Response 
Stress, Strains, 

Deflection, Moment, Shear, 
Thrust, Buckling 
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Insitu Backfill 
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FACTORIAL STUDY 

Five In-situ Soil Types 
Three Trench Widths 

Four Water Table Depths 
Two Pipe Diameters 

Ten Depths of Cover 
One Backfill Type 
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EFFECTS OF 

IN-SITU SOIL TYPE 

ON PIPE DEFLECTION AND STRAIN 
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Parameters 

i 

: 

I 

! , 

i 
I 
I 
I 
I 
I 

I 

Unifi ed 
Soil 

Classification 

PI 

¢ 

n 

Rf 
w% 

m 

K(t) 

Ywet 

C psi 

f.1 

w 
PI 
c 
¢ 
N k(t) Rf 
m 
Ywet 
f.1 

TABLE • Additional Soils Analyzed 

CL 
Canyon Dam 
( Silty Clay) 

19.0 

9.0 

I 0.37 

I 0.65 
I 

16.2 

U.1U 

8.28 
I 

133.7 

13.89 

U.45 

= water content 
= plastic limit 
= cohesion 

Soi 1 Types 

I ML 
CH Chatfield 

Monroe Dam Dam 
(Fat Clay) (Sandy 

Si It) 

45.0 I 4 

1.0 19.0 

0.14 0.59 

0.77 0.86 

26.5 15.6 
i 
I 

0-.10 
\ 

0.10 

14.55 44.78 

122.88 \ 135.3 

14.55 
I 

25.0 

0.45 I 0.45 
i 

= angle of internal friction 

I CL 
I Chatfield 
I Dam 

(Sandy 
Clay) 

24 

0.0 

0.0 

: 0.95 

23.4 

0.10 

: 53.76 

125.96 
I 

16.67 

I 
0.45 

= dimensionless Duncan soil parameters 
= slope of creep compliance curve from Ref. 5 

= wet unit weight 
= Poisson's ratio 
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EFFECTS OF 

VARYING TRENCH WIDTH 

42 



------------------

TABLE • Effect of Varying Trench Width for a 48 in. Pipe in a Weak Soil 

Z ft /:ov/O E (max) p 

T=1.250 T=1.50 T=2.00 T=1.250 T=1.50 T=2.00 

8 4.27 4.02 4.06 .0091 .0087 .0099 

11. 75 6.05 6.05 6.15 .0233 .0242 .0216 

15.5 7.23 7.33 7.44 .0327 .0325 .0288 

19.25 8.10 8.35 8.47 .0389 .0379 .0366 

23.00 8.88 9.27 9.43 .0450 .0453 .0466 

26.75 9.60 10.09 10 .27 .0523 .0586 .0601 

30.5 10.28 10.85 11.04 .0618 .0734 .0733 

34.25 10 .94 11.56 11.78 .0742 .0911 .0892 

38.0 11.59 12.24 12.48 .0880 .1063 .1013 

41. 75 12.29 12.90 13.13 .0973 .1216 .1098 
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FIGURE Effect of Trench Width on Thrust Load 

(0=48, Weak ML, Profile #9, P=O) 
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EFFECTS OF 

VARYING WATER TABLE DEPTHS 
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TABLE • Effect of Water Table on Strain Distributions For Z=30.5 

Node Locdtion 
(Degrees) 

U 

18 

36 

54 

72 

90 

108 

126 

144 

162 

180 

(D=48, Profile #9, T=72, Weak Silt In-situ Soil) 
(Negative Equals Compressive Strain) 

Inner-Fiber Outer-Fi ber Fraction of 
Strain Strain Wall Yield 

P=.60 Dry P=.60 Dry P=.60 Dry 

-0.0154 -u .0071 -0.0401 -0.0507 0.032 0.260 

-0.0166 -0.0107 -0.0443 -0.0538 0.181 0.336 

-U.0409 -0.0601 -0.0445 0.0140 U.044 0.280 

-0.0291 -0.0225 -0.0311 -0.0411 0.000 0.095 

-Ll.0302 -0.0310 -0.0299 -0.0222 0.000 0.000 

-0.0332 -0.0301 -0.0274 -0.0261 0.000 0.000 

-U.U315 -0.0323 -0.02817 -0.0234 0.000 0.000 

-0.0373 -0.U371 -0.0168 -0.0100 0.000 0.000 

-0.0291 -0.0181 -0.0338 -0.0402 0.000 0.038 

-0.0297 -0.0214 -0.0319 -0.0322 0.000 0.000 

-0.0198 -0.0224 -U.0762 -0.0298 0.654 0.000 



Node Location 
(Degrees) 

0 

18 

36 

54 

72 

90 

108 

126 

144 

162 

180 

TABLE • Effect of Water Table on Strain Distributions For Z=38 

(D=48, Profile #9, T=72, Weak Silt In-situ Soil) 
(Negative Equals Compressive Strain) 

Inner-Fiber Outer-Fiber Fraction of 
Strain Strain Wall Yield 

P=.60 Dry P=.60 Dry P=.60 Dry 

-0.0213 -0.0122 -0.0455 -0.OS4Y 0.2S4 0.365 

-0.0219 -0.0148 -0.0579 -0.0660 0.516 0.520 

-0.0587 -0.0872 -0.0156 0.0008 0.450 0.545 

-0.0355 -0.0290 -0.0371 -0.0496 0.000 0.500 

-0.0365 -0.0369 -0.0367 -0.0281 0.000 0.000 

-0.0408 -0.0361 -0.0345 -0.0324 0.235 0.000 

-0.03tl5 -0.0397 -0.0346 -0.0293 0.000 0.036 

-0.0529 -0.0495 -0.0273 -0.0193 0.530 0.336 

-0.03!J9 -0.0245 -0.0425 -0.0517 0.476 0.453 

-0.0372 -0.0276 -0.0371 -0.0384 0.000 0.000 

-0.U1l5 -0.0280 -0.81 Y6 -0.0368 0.966 0.000 
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BACKFILL PROPERTIES STUDY 
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LIVE LOAD STUDY 
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TABLE • Effect of Soil-Pipe Interface on Strain Distributions For Z=38 

(0=48, Profile #9, T=72, P=O, Weak Silt In-situ Soil) 
(Negative Equals Compressive Strain) 

Inner-Fiber Outer-Fiber Fraction of 
Strain Strain Wall Yield 

Bonded Full Slip Bonded Full Slip Bonded Full Slip 

-0.0122 -0.0402 -0.0549 -O.OmB 0.365 0.U28 

-0.0148 -0.0031 -0.0660 -0.2279 0.521 0.840 

-0.0872 -0.0306 0.0008 -0.0282 0.544 0.000 

-0.0290 -0.0334 -0.0496 -0.0228 0.500 0.000 

-0.0366 -0.0322 -0.0281 -0.0252 0.000 0.000 

-0.0361 -0.0340 -0.0324 -0.0215 0.000 0.000 

-0.0397 -0.0318 -U.0293 -0.0261 0.036 0.000 

-0.0495 -0.0347 -0.0192 -0.0201 0.336 0.000 

-0.0245 -0.0263 -0.0527 -0.0375 0.453 0.000 

-0.0276 -0.0266 -0.0384 -0.0367 0.000 0.000 

-0.()2~0 -0.0266 -0.0368 -0.0367 0.000 0.000 
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DESIGN EQUATIONS 

The complete factorial analysis produced a data base containing 

1200 predictions of pipe performance for a ten-year design period. 

Regression analysis was used to find the best fit equations for pipe 

response in terms of known or directly calculable design parameters. 

First, a method of predicting a secant elastic modulus, E', of 

the soil around the pipe was established. A general hyperbolic 

representation of the backfill material was adopted: 

a O'b (38 ) 
= ---

where 

O'b = the average backfill son stress, 

Eb = the average backfill soil strai n, and 

a,b = materi a 1 constants for the backfi 11 material. 

The secant elastic modulus can be defined as the average soil 

stresS divided by the average soil strain. 

( 39 ) 

E' 
b E 

b 
The average stress can be expressed in terms of an empirical 

number, K
o

' and the effective overburden pressure, y't
Z• 

(40 ) 
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where 

y't = the average effective unit weight of the in-situ soil, 

Z = depth of cover above the springline, and 

Ko = dimensionless empirical pressure coefficient. 

The empirical number, Ko' can be determined by combining 

Equations 39 and 40. 

The average of the horizontal and vertical strains, in the 

(41) 

granular backfill at the spring1ine of the pipe, were recorded for 

each observation in the data set. This value was used in Equation 41 

to calculate a value for Ko. The standard form for the soil 

constants a and b was altered slightly in order to produce an 

expression which can be evaluated without determining confining 

pressure. 

11a Eib = 
y' t Z nb 

= KbPa(-P-) 
a 

(42) 

2 C
b 

cos ¢ + 2y' Z sin ~\ 
lib = b t 

Rf (1 - sin ¢b) 
(43) 

where 

Kb,nb,R f = Duncan soi I parameters for the backfi 11 material, 

dl
b = the friction angle for the backfill material, and 

Cb = the cohesion of the backfill materi a I . 

A set of linear regressions was performed to determine the 
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variables or combination of variables that best predict K. The final 

model, containing seven basic ~ariab1es, produced an R-squared of 

0.88. Ko can be estimated by the following equation: 

-
E'b 

Ko = .082 + .2l2(T/D) - .00296(Z/D) + .00363( p~ ) 
E' , C' 

where 

D 

T 

_ .424( if> , ) - .000374( -'-') + .776 ( -' ) , pa pa 

= pipe diameter, 

= trench width, 

(44) 

if>i 

C. , 
= angle of internal friction for the in-situ soil type, 

-
E .. 

11 

pa 

= cohesion of the in-situ soil, 
Yt Z ni 

= KIpa(---pa) 

= atmospheric pressure, 

= Duncan soil properties of the backfill material, 

yet = the average effective unit weight of the in-situ soil 

PYw 
YT - -Z-

p = the water table heiyht above the springline, 

Yw = the unit weight of water, and 

YT = the total unit weight of the in-situ soil. 

Using Equation 44, a value for Ko can be found and used in 

Equation 40 to evaluate °b' Equation 38 can then be used to 

predict the backfill strain, <=" The secant mOdulus E' b can ~b' 

then be found by using Equation 39. The net result is that a 

realistic approximation for E'b can be calculated from tne site 

conditions, pipe type, and Duncan soil properties of the in-situ and 

lOT 



.. 

backfill materials. 

The range of the main variables in the factorial study is listed 

below. Any extrapolation beyond these values should be done with 

extreme care. 

Diameter: 45 cm < 0 < 122 cm 

Trench Width: 1.25(0) ~ T ~ 2.00(0) 

Water Table Height: 0 ~ p ~ Z 

Depth of Cover Above Springline: 1 m < Z < 15 m 

Soil Type: Any fine-grained soil 

Since Equation 44 was derived from a finite set of variables, 

some limiting values should be placed on Ko and Elb in order 

to ensure a conservative prediction of maximum pipe strain and 

deflection. The range of K should be between 0.4 and 1.8, and o 
EI should not exceed 23.0 n/mm2• b 

With Elb established, a regression equation to predict 

vertical pipe deformation was formulated. The general form of the 

commonly used Spangler equation was adopted. Since the Spangler 

equation form contains a constant in the denominator, it was necessary 

to use a nonlinear regression analysis; however, once a value was 

found for the constant in the denominator, linear regression could be 

used to establish the best variables for the numerator. The best fit 

equation for (6y/D) had an R-squared of O.HH. 

T E. b 
F i d {. 867 ( K 0 Y t I Z) + 1. 241 ( py w Z) - . 00 11 ( D 1 )} ~ = ----------~---=~~---------------------DEI 

_c ___ + .00123 Elb 
r3 
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where 

~ = percent change in vertical diameter, 
o 
r = pipe radius, 

Ec = ten-year elastic mOdulus of the pipe, 

I = moment of inertia of the pipe wall cross-section per 

unit length, and 

Fid = in-situ soil displacement constant (see Figure 34). 

A similar process was used to find the best-fit equation to 

predict maximum outer fiber pipe strain. However, in order to match 

the data accurately, two equations had to be used, one for linear 

strains and the other for post-yield strains. The linear strain 

equation, with an R-squared value of 0.85, was regressed from 

predicted strain values less than 2.5 times the yield strain, € • 
Y 

This limit was used in order to reduce the residual error for strain 

approaching the yield value. 

where 

Fie {4.835(Koy'tZ) + 8.269( pywZ)} 
E c 
~ + 2.0 E'b 

€L = linear pipe strain 

r = the pipe radius 

(46) 

c = the distance from the bending axis to the extreme outer 

fiber 

€y = yield strain (.0393) 

Fie = in-situ soil strain constant (see Figure 35) 
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This equation is more useful in design than Equation 45. A 

design engineer is more interested in accurately predicting strains 

near the critical yield value than he is in estimating large safety 

factors associated with small strains. If the simple linear strain 

equation predicts a strain greater than or approaching the yield 

value, the second equation for post-yield strains should also be 

checked. 

The equation for post-yield strains, €p, was calculated by 

finding an equation for ~, the difference between the calculated 

strain and the linear strain: 

(47) 

Values for E were determined from calculated plastic strains in 

the range of 0.1 to 5.0 and tabulated to create an additional data 

base. The equation for E shown below, with R-squared equal to 0.54, 

was the best fit curve found from this data: 

E = E:p _ \ 

where 

A = the cross sectional area of the pipe •. 

The smaller R-squared value for this model indicates the 

difficulty in accurately predicting post-yield strains without direct 

112 

""l 



use of the finite element program. Equation 48 does, however, allow a 
-

simple approximation for maximum post yield in the outer fibers. In 

plastic design, the number of locations and amount of plastic yielding 

in the pipe are more important than the actual maynitude of the 

strain. It is therefore recommended by the authors that a complete 

CANOE analysis be used when Equations 46, 47 and 48 predict a strain 

greater than 5 times the yield strain. 

All of the regression equations were formulated in a dimension-

less form so that any system of unit could be used. It is possible to 

change from one system of units to another simply by changing p . 
a' 

however, consistant units must be used throughout. The only exception 

to this is that must be in radians. The Duncan soil parameter and 

C, used in the equations, can be found from drained or undrained 

triaxial test. 

Expected deflections and strains at different times can be found 

by multiplying the ten-year strains and deflections, calculated with 

the regression equation, by the factors shown in Table 1. 

TABLE 1. 

Time 

Initial 30 day 10 yr 25 yr 50 yr 

Deflection I 

Factor .34 .76 1.0 1.09 I 1.15 I 

I I 

I I 
I 
I 

Strain I 
I 

Factor .33 .80 
I 

1.0 
I 

1.16 I 

I 
1.11 i I I 

I ! I 
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