LATERAL PRESSURES OF CONCRETE
ON FORMWORK

By
ROY HENRY OLSEN

{

Bachelor of Engineering
Stevens Institute of Technology
Hoboken, New Jersey
1963

Master of Science
Newark College of Engineering
Newark, New dJersey

' 1965

Submitted to the faculty of the

Graduate College of the: :

Oklahoma State University

in partial fulfillment of.
the reguirements for

the degree of
DOCTOR OF PHILOSOPHY
May, 1968



OKLAHOMA
STATE UNIVERSITY
LIBRARY

OCT 2'¢ 1968

LATERAL PRESSURES OF CONCRETE 7~

ON FORMWORK

Thesis Approved:

/KJ Q(M { @uﬂ/w@ég

ey _Thesis Adviser
LN
/< r/\ . kf/w

j 2 /Z{%%
//M"ﬁvwg Jc&@f;_%fww

/4]

Dedn of the Graduate Gollege




ACKNOWLEDGEMENTS

The writer wishes 10 express his indebtedness and

sincere appreciation to the following individusls and
ocrganizatio

To Professor R

2. L. Janes, for his encouragement

snd direction ag chairman of the Advisory Committee:

Te Professor E. L. Bidwell, for

hig guldance and

i

riendship as adviser during the preparation of

this thesi

o

A_;O]D:

To Profegsors T. 9. Dean and T. A

their helpful suggestions as members of

Haliburton for
the
Advisory Committee;

To the Ford Foundstion and the Cklahoma State
University Civil Engineering Department for

in the form of a forgivable loan

and Teaching assistan’

C—F

ships;

To O

]

ser: and Lawsgon, Inc., Dover, New Jersey, for
the funds which made this research possible;

o Mr. Eldon Hardy for his assistance in preparing

the figures for this thesisg



To Mrs. Margaret BEstes for her fine typing of this

thegis;

Teo his wife, Ragnhild, for her continuing encourage-

ment and patience throughout this study.

May 1968 Roy H. Olsen

iv



TABLE OF CONTENTS

Chaypter : Page
Io INTRODUCTION o o o o o s o s s s s o o o o o 1
1.1 Statement of the Problem ¢ o 6 s « 1
1.2 Titerature Review « ¢ o o o o o s 3
1.3 Scope of the Investigation . . .« . 1
II. EXPERIVENTAL PROCEDURES AND DATA & o o o o o 13
2.7 Principles of Trigxial Test . .+ & 13
2.2 Triaxial Testing Procedure - « « o 16
Preparation of Sample « o« o « 16

Description of Hguipment and
Procedure « « ¢« o« & & ¢ o o 17
Presentation of Data .« o « & 27
ITT. ANALYSIS OF EXPERIMENTAL RESULTS o« ¢ o o o 36
3.1 Triaxial Test Results « « o o o @ 36
IV, CALCULATION OF CONCRETE PRESSURES & o o o = ha

4,1 Development of a New Method
Relating Concrete Shear Strength
to Lateral Pressures o« « « o o o 54
4.2 Comparison of Concrete Pressures
Determined by the New Method
with Those of the ACI and

CER:A. l\ﬂethods a L L] o o o =] a o L3 67

Varying Initial Set Times . . 63

Varying Heights of Wall . . . 81

Varying Widths of Wall . . - 84

V. CONCLUSICNS AND RECOMMENDATTIONS o+ o o « o o G0

5.1 Conclusions « o« ¢ ¢ s o o & s o o 90

.2 Recommendations o« s« o o o o o o o 91

A SELECTED BIBLIOGRAPHY o o o o « o o o o o o o o o 92
APPENDIX A-—-DATA AND RESULTS OF THE INDIVIDUAL

T}KIAXIAIJ TESTS E I ] o o a 3 ® o a o e a o 95

v



Chapter Page

APPENDIX B——REPRESENTATIVE STRESS VERSUS STRAIN
CURVES OF EIGHT CP-ST COMBINATIONS . . 99

APPENDIX C——TFLOW CHART SUNMMARY OF COMPUTIR
PROGRAMS USED IN THE CALCULATICNS . « 109

APPENDIX D-~-CORRECTIONS FOR DEVIATOR STRESS
RESULTS L e a L] L] ° L a a - * L a L] e L 1 1‘7

vi



Table

Ve

VI,

VIT.

LIST OF TABLES

Summary of the Deviator Stress Results .

Summary of CP-ST Combination Results . .

Concrete Strength Parameters Versus Set

Time a Q aQ

Comparison of Estimated and Actual o4

@

o

[

)

a

[

o

-

e

o

a

©

Values o o« o o o s o o © s a o s o« o a

Concrete Pressures with Varying Time of

Initial Set

Concrete Pressures with Varying Wall

Heights &

Concrete Pressures with Varying Wall

Thicknesses

L

o

Q

L]

o

&

o

L]

©

o

Q

o

@

vii

o

[

L)

a

o

&

@

o

o

1

@

a

L

o

@

°

50

68

69

82

87



Figure

Ta

18

LIST OF FIGURES

Schematic Diagram of the Triaxial Test .

<« L] -

Typical Mohr Diagram with Failure Envelope . .

Typical Stress Versus Strain Relationship

Sieve Analysis of the Sand . « « &

Concrete Sample While Setting . .

Triaxial Cell Before Testing . . .

Confining Pressure Control

Triaxial Testing Apparatus

Typical Dataza Sheet o « o« o

Normal Distribution of

Deviator
Deviator
Deviator
Deviatoer

Deviator

Stress
Stress
Stress
Stress

Stress

(CP = 20 PSI)

Deviator

Stress

(CP = 40 PSI)

Deviator

Stress

(CP = 60 PSI)

Deviator

Stress

(CP = 80 PSI)

the

Versus Set

Versus Set

Versus Set

Versus Set

Confidence

[ o L] @ e

Confidence

o a o L L

Confidence

» L] ° o o

Confidence

a ° © L] a

Panel .

Deviator
Time (CP
Time (CP
Time (CP
Time (CP

Interval

L o L] °

Interval

. L © a

Interval

Q - L Q

Interval

- o L3 L]

Associated Strain Versus Set Time
(CP = 20 PSI)

° o o a o

viii

o © o L

«

<

<

]

L]

[

° o L]

© o L

Stress « «

i

i

20
40
60
80

PSI).
PSI).
PSI).
PSI).

(AW
\O

[O¥]
—

L
ro



Figure

20,

27,

224

39.

40,

47,

Associated Strain Versus
(CP = 40 PSI) ¢ 8 o @

Associated Strain Versus
(CP = 60 PSI) e @ o o

Asscciated Strain Versus

(CP = 80 PSI) « o o o
Mohr Diagram (Set Time =
Mohr Diagram (Set Time =
Mchr Diagram (Set Time =
Mohr Diagram (Set Time =
Mohr Diagram (Set Time =
Mohr Diagram (Set Time =
Mohr Diagram (Set Time =

Mohr Diagram (Set Time

ii

Set Tim

o a R Q

Set Tim

Q o Q L3

Set Tim

o @ Q @

20 MIN)
30 MIN)
45 MIN)
60 MIN)
75 MIN)
90 MIN)
120 MIN
180 MIN

e

o & Q o

e

o ° ° L]

e

© o a a

) ..
) e e .

Mohr Diagrams with Time Variation . . .«

Cohesion Versus Set Time

a a o °

o -] L a

Internal Friction Angle Versus Set Time

Typicel Concrete Wall Section o o o o o

[} a

Coefficient Versus Vertical Concrete Strain

Concrete Pressure Versus
(ToIoSo = O IVIIN) @ a o

Joncrete Pressure Versus
(ToIoSo o= 10 MIN) e a

Concrete Pregsure Versus
(ToIoSo = 20 MIN) . &

Cenerete Pressure Versus
(ToIaSO = 30 IVIIN) e @

Concrete Pressure Versus
(ToIoSo = 40 MIN) e a

Corncrete Pressure Versus
(}j&. = 2 FPI{) o Q a o a

Rate of

Q o a a

Rate of

< a o o

Rate of

] o a [

Rate of

] ] a L]

Rate of

Q L] ° o

Time of

a a @ o

ix

Pour -

£ -] o L]

Pour

o o a a

Pour

o = o °

Pour

- @ o a

Pour

[ ] o o

Initial

Q a o [}

70

71

72

73

T4

76



Figure

42,

43

44,

45,

46.

47

Be3a

Bedo

Bc5n

Bc 60

Bo?o

B. 8,

b

Q
-

Q
°
N

Concrete Pressure Versus

(R =

Concrete Pressure Versus
(R = 1‘:0 FPH) o a e o o

Concrete Pressure Versus
(R = 14 FPH) a o o a a

Concrete Pressure Versus
(R =

Concrete Pressure Versus
(H36FT) o a @ o ° o

Conerete Pressure
10, 12, 16 and 20

(H =

Concrete Pressure
(W =28, 10 and 12 IN)

Stress
ST =

Stress
ST =

Stress
ST =

Stress
ST =

Stresg
ST =

Stress
ST =

Stress

ST =
Stres
ST ==

)]

Flow Chart for Program I

Flow Chart for Program II

6 FPH) & o «

18 FPH) & o o

Versus Strain (CP
20 MIN) « o o o o

Versus Strain (CP
SO MIN) ] o o o a

Versus Strain (CP
4‘5 MIN) & e o @ L3

Versus Strain (CP

60 MIN) o o o

Versus Strain
75 MIN) o o o

Versus Strain
90 MIN) o o o«

Versus Strain
120 MIN) . .

Versus Strain
180 MIN) . .

Versus

Versus

Time of

[} [} ] ]

Time of

a o L o

Time of

o o @ a

Time of

a o o o

Rate of

a 0 @ o

Rate of
FT) . .

Rate of

] e ° ]

Initial
Initial

Initial

<« L o o

Initial

a < o @

Pour

@ o L <@

Pour

L3 Q [ o

Pour

Q o ° e

= 20 PSI,

@ o o Q

= 60 PSI,

= 60 PSI,

a Q L L]

] aQ o @

@ a <& [

= 20 P8I,

Qa =} a a

o ] )

a [ o o

Page

77

78

79

30

83

88

101
102
103
104

105



Figure

Ca3. Plow Chart for
Cede Flow Chart for
Cs5. Flow Chart for

C.6. Descripbtion of

D.1. Deformation Patterns in the Concrete
During Triaxial Testing

Program III .
Program IV
Program V .

Flow Chart Symbols

Page

113
114
115
116

118



CHAPTER I

INTRODUCTION

1.7 Statement of the Problem

Concrete has been the subject of much investigation for
many years by engineers and constructors. One of its
properties which has been particularly perplexing is its
physical behavior between the time of mixing and the time
the cement paste has obtained its final set. During this
time the shear strength of the concrete matrix goes from
practically zero to a substantial amount. Because of this
low shear strength, the concrete is in a plasticvor flow
.condition and must be contained in a rigid form to develop
the desired shape. This container is called concrete form-
work and the cost associated with it is usually the major
item in the total cost of the concrete work. Formwork costs
vary from thirty-five per cent to gsixty per cent of this
totél cost depending on the degree of complexity. It is
thé}efore evident that to minimize the total cost, the center
of attention should be placed on formwork costs. In order
to do this, it is imperative to understand the nature of
the formwork requirements. According to the American

Concrete Institute (1) these requirements are threefold:



1) gua.lit% -- to design and build accurately so
that e desired size, shape and finish of
the cast concrete can be obtained.

2) Safety -— to build substantially so that it is
capaE%e of supporting all dead and live loads
without collapse or danger to workmen and to
the concrete structure.

3) Economy -- to build efficiently, saving time
and money for the owner and builder alike.

In all three of these requirements, the load on the
formwork looms as the one predominant factor. The surface
quality and amount of deformation of the formwork depends on
the load. Similarly, formwork safety also demands an under-
standing of the loads involved. The first two requirements
could easily be satisfied by a conservative design. The
third requirement — economy -—— however, dictates that the
amount of formwork be minimized. To be conservative and
overestimate the loads leads to overdesign in formwork which
in turn is uneconomical. Note that on a project where the
concrete portion amounts to $1,000,000 and the formwork is
complex, a cost reduction of five per cent in the forming
operation can lead to é $30,000 saving. It is therefore
expedient to investigate the subject of concrete loads on
formwork and to determine the factors which influence it.

In wall and column formwork, this load is defined as lateral
concrete pressure.

Concrete pressures have been the subject of numerous
studies, most of them empirical. In all of the investi-
gations the major problems encountered were caused by the

multitude of factors which influenced the pressure. In



Peurifoy's book, "Formwork for Concrete Structures," (2)

there are listed ten such factofs:

1)
2)
3)
4)
5)
6)
7)
8)
9)
10)

Rate of placing the concrete

Temperature of the concrete

Proportion of the concrete mix

Consistency of the concrete mix

Method of consolidating the concrete

Impact during depositing

Jize and shape of the formwork

Amount and distribution of fhe reinforcing steel
Weight of the concrete

Height of placement.

In addition to the above list, ACI Committee 622 (3)

also congsldered the following factors to be influential:

1)

2)
3)
4)

Ambient air temperature
Smoothness and permeability of the formwork
Pore water pressure

Type of cement.

From these listings it.is obvious that for any research

study to be meaningful, it should be done in a controlled

environment with a limited number of factors thoroughly

analyzed,

1.2 Literature Review

As mentioned in the introduction, a large number of

lateral concrete pressure studies have been performed. In

almost all cases these were conducted in an empirical manner



on actual construction siteg.

The first reported pressure study was in 1894 when
McCullough (4) measured pressures on a column form. He did
this by placing a board on the side of the form and then
placed the concrete in the form until the board broke. From
this he concluded that the pressure was equiValent to &
hydrostatic pressure with a unit weight of eighty pbunds per
cubic foot. Although the method of testing was very crude
and the results inadequate, it did point out that the
concrete pressure was something less than that of an ideal
Tluid with an assumed unit weight for concrete of one hundred
and fifty pounds per cubic foot. |

After this initial report there were many field studies
performed of which those of Shunk (5), McDaniel (6), Smith
(7), Teller (8), Roby (9), Stanton (10), Hoffmaen (11) and
Macklin (12) are representative.

In 1952 Rodin (13) made a comprehensive investigation
of all work which had been done up until then aﬁd summarized
the main studies. He concluded that the previous investi-
gators had attempted to find the pressure for particular
construction conditions rather than investigate the’genefal
effect of different variables. He then attempted to give a
rational explanation of the physical phenomena cauvsing the
types of pressure distribution found in practice. He also

gave & formula for the maximum pressure;

Ppay = 110 Hu (psf) for hand spaded concrete (1-1)



Py = 150 Ha (psf) for internally vibrated (1=2)
concrete

where

Hm = 3.6 31/3 (ft) (1-3)

R = rate of pour (ft/hr).

In his related discussion he touched on an important
fact. The fact is concerned with the rate of increase in
the shearing resistance of the concrete and its significance
in determining the maximum pressures.

Since 1952 there have been a number of other studies
performed. Schjodt (14) presented a theoretical formula
using the earth pressure theories of Terzaghi. However,
this assumesg that full Rankine shear develops in the concrete
~which is not the case in typical formwork because of the
restricted deformations. He also concluded that pore water
pressures are of major significance.

In 1955 & subcommittee was formed by ACI Committee 622
to review all the previous pregsure studies and to recommend
a safe design formula for the pressure. This recommendation
had to be generalized so that it could be readily adapted
to everyday use. The variables considered to be most
significant were rate of concrete plaoemént, temperature of
the concrete, and effect of vibration. The subcommittee
used data assembled from tests made by several U. S. form
manufacturers as their methods of investigation and the
factors included were similar. The recommended formulas

were:



For walls with R less than or egual to 7 ft/hr
9000. R
P = 150 + —

(1-4)

or 150 h, whichever is less

For walls with R greater than 7 ft/hr and less
than 10 ft/hr

P = 750 + 3-8—9_-?9-3 or 150 h or 2000 psf, whichever (1-5)
is least

For columns

P = 150 + 2292 or 150 h or 3000 psf, whichever (1-6)
: is least

where

Pmax = maximum lateral pressure, psf

R = rate of placement, ft/hr

T = temperature of concrete mix, °F

h = height of wall, f%t.

Included in the coefficients of R/T is the effect of
normal vibration. These eguations assume thé unit weight
of concrete to be one hundred and fifty pounds per cubic
foot and the slump less than four inches. The American
Concrete Institute denotes any vertical formwork having a
maximum horizéntal distance of six feet as a column and all
others as a wall.

Later, in an article by two of the committee members,
Fleming and Wolf (15), the wall pressure formula for R

greater than 7 ft/hr was revised to the following:

2800 R

T or 150 h or 2000 psT, (1=7)

whichever is legst.

_ 43400
Prnax“150"L T +



The studies of both Rodin and ACI pointed to the lack
of reliable experimental data and the need for a more
detailed and planned study. In response to this regquest
numerous studies have been done in the pagt five years.

Ritchie (16, 17) conducted a number of tests in a
controlled environment and concluded that fresh concrete
develops a pressure distribution very close to that pre-
dicted by Rodin; He noted that the workability of the mix
and the size and shape of restricted sections were of major
significance. In another of his reports (18) he measured
the workability of concrete by use of a triaxial test device.
He varied the mix proportions and water-cement ratios and
determined the cohesion and internal friction angle. In
this testing the concrete was mixed and then tested as soon
as feasible. Here the method of testing was an undrained or
guick triaxial test. His sample was four inches in diameter
and eight inches in heigh?t. His results showed that both
the angle of internal friction and cohesion increased as
the ratio of aggregate to cement increased. Also as the
water-cement ratio incrgased the cohesion increased but the
internal friction angle decreased. However, he does not
show how these strength parameters are affected by different
amounts of set time. This study will show that the shear
strength to set time relationship is of major significance.

A study was performed by Jackson (19) to verify the
formulas established by ACI. These tests were performed in

a laboratory environment and the range of the variables



tested was as follows;
9 ft/hr = R =2 2 ft/hr

BO°F = T = 40°F .
In all cases, with the exception of temperatures between
40°F and 60°F, the results agreed closely with the values
obtained from ACI formulas. In the tests with the temper-
ature below 60°F the ACI values were shown to be as much as
one hundred per cent conservative.

In 1965, Hurley (20) made an experimental study and
concluded that for very high rates of pour (greater than
25 ft/hr) the pressures on formwork approached a hydrostatic
pressure with a unit weight of 150 1b/ft3. Also in 1965,

a French team of Adam, Bennasr and Santos Delgado (21) did
an experimental investigation and their results showed that
the factors considered by ACI and Ritchie were the most
significant. They did, however, add that when small 1ifts
are involved arching has 1little effect because of the
vibration.

The Civil Engineering Research Association of ILondon
(CERA) (22), recognizing the lack of uniformity of previous
tests and the limitations of the ACI work, began & very
extensive experimental study in 1963 to develop a more
inclusive formula. To measure the pressure they used a
pressure balance which had been cross checked against two
other gauges to guarantee accuracy. Using this gauge they

collected data in a uniform manner from the formwork of two



hundred contractors. The results showed that the pressures

are limited by two factors —— stiffening of the concrete

and arching in the wall. The formulas recommended by CERA

are ags follows:

Using the least pressure given by Equations 1, 2, 3;

1) Stiffening Criterisa

P

Rt

=t + 12 (8=R) + 200 (1-8)
1+ C [ ]

max

2) Arching Criteria

P = 300 + 504 + 20R + 200 (1-9)

3) Equivalent Fluid Criteria

P = 150h + 200 (1-10)
where
P = pressure (psT)
= unit weight of concrete (pcf)
R = rate of placement (fph)
4 = width of wall (inches)
t = time from commencement of placing (hours)
(In Eq. (1) if ¢ >t .. set t::tmax)
zax = stiffening time of the concrete (hours)
C* = factor depending on the workability of
the concrete and the continuity of
vibration
h = height of the wall or columne.
*% and C are found from charts which take into

max

account the concrete temperature, concrete slump and amount
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of vibréitiono In all three equations the 200 psf is added
fo allow for impact forces.
In the stiffening criteria the factor 12 (8-R) is a
correction for reduced vibration influence at higher rates
of pour. To simplify calculations the arching and stiffening
criteria are combined in a nomograph which gives a éoncrete
pressure under a set temperature and mix. To correct for any
variations in the temperature and mix another graph was used.
This corrected pressure was then compared with the pressure
given by Equation 1-10, and the greater of the two used.
Interestingly, the results from both the fdrmulas of
Rodin and ACI were seen to fall between the results from the
arching and stiffening criteria. To be specific, the ‘ACI and
CERA results agreed very closely for concrete placed in
columns at low temperatures; however, ACI was more conserva-
tive for both high temperatures and thih walls when arching
became a factor. CERA noted some important factors over-
looked by earlier investigators. These include:
1) The stiffening action of the concrete is
dependent on the chemical changes in the
cement matrix and the degree of mechanical
interlocking. The former is dependent on
time, temperature, type and fineness of
cement while the latter depends on the
‘pressure, workability and history of

vibration.

2) The age of the concrete before being placed
influences the maximum pressure.

3) The effect of vibration is normally very
localized and this may largely retard the
development of arching action.

4)  The effects of the formwork rigidity and
-the degree of relaxation of the form face



11

relative to the'partially stiffened concrete
would probably permit some further reduction
in concrete pressures.

1.3 Scope of the Investigation

The scope of this investigation is threefold:

1)  Establish the shear strength variation of
concrete as a function of time.

2) Develop a method to relate the shear strength
variation to the lateral pressure.

3) Compare the pressures resulting from this new
method with pressures obtained from recognized
pressure formulae (CERA and ACI).

Virtually all previous studies have been of an empirical
nature; that is, based on prototype tests on actual formwork.
Because of this very little emphasis has been placed on the
mechanism behind the pressure, the shear strength of the
concrete. To establish the shear strength it would first be
necessary to find out if the Mohr¥Coulomb Rupture theory was
applicable. If the validity of this theory could be
ascertained, then a new lateral pressure theory based on the
shear strength could be established.

To evaluate the shear strength a triaxial testing
device similar to that of Ritchie was used, .Since the
concrete 1is continually setting and increasing in shear
strength, the time at which the test was performed was
considered extremely significant. To isolate the effect of
time all of other factors were either controlled or con-
gsidered insignificant. Under these conditions, triaxial

tests were run for different set times and the data
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analyzed on the computer. The computer gave both the
concrete shear strength and associated strain for each set
of test data. Using these results, together with the work
of Terzaghi and Peck (23), a concrete pressure theory was
postulated which considered shear strength the most signifi~v
cant factor.

In the comparison with ACI and CERA pressure formulas
four factors will be correlated:

1) Rate of Concrete Pour

2)  width of wall

3) Height of Wwall

4) Time of Set between mixing and placing operations.



CHAPTER II

EXPERIMENTAL PROCEDURES AND DATA

2.1 DPrinciples of the Triaxial Test

The method of triaxial testing was used to determine
the shear strength of the concrete. This is a three
dimensional compression test on a cylindrical specimen,

The specimen, surrounded on all sides by an impervious
membrane, is subjected to a confining pressure through the
medium of air, water or oil (see Figure 1). An axial force
is applied by the piston rod at a constant strain rate
until failure is produced. Failure oécurs when the load
applied»becomes constant or reduces, or the total amount

of axial strain in the specimen reaches twenty per cent
(ASTH (24))-

-The pressure of the confining medium is taken as the
minor principal stress and denoted as g3 The‘axial force
divided by the cross—sectional area is considered %o be the
major principal stress and denoted as Gqe When failure is
reached, a critical Mohr stress circle is defined (see
Figure 2). The diameter of this failure circie, oq = 03,
is defined as the deviétor stress. Figure 3 shows a typical
stress;strain relationship and deviator stress for a given

test. If 03 is zero then the deviator stress is called the

13



CONCRETE SAMPLE

KW MODEL 550 COMPRESSION MACHINE

r
[ 2 - TRIAXIAL CELL
3 - TRIAXIAL PISTON ROD
3] 0 4 - PROVING RING AND DIAL GAUGE
5 - 2" DEFLECTION GAUGE
6 - RIGID HEAD
7 - RUBBER MEMBRANE
8 KW MODEL DV 2 CONTROL
9 - VARIABLE SPEED ELECTRIC MOTOR
P 10 - CONFINING PRESSURE CONTROL PANEL
J 1M 54, PRESSURE REGULATOR
L J 12 - SURGE TANK
L.J 13 - AIR LINE FILTER
3 14 - PRESSURE GAUGE
15
{ g} 2
]
7
[‘ ][ b
| AP
]
15
[ 9
Figure 1. Schematic Diagram of the Triaxial Test
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unconfined compressive strength (qu).

When a number of Mohr stress circles with different

confining pressures are obtained, a tangent is drawn to all

of them resulting in a Mohr failure envelope. The Mohr-

Coulomb theory assumes the failure envelope to be a straight

line.

There are three basic triaxial tests:

1)

2)

3)

The Undrained Test permits no escape of moisture
from the sample as it is compressed to failure.
This test is also called the unconsolidated
guick test.

The Consolidated-Undrained Test allows complete
consolidation to occur in the sample before any
axial load is applied through the piston. No
drainage is permitted during the application of
the axial force. This test is sometimes called
the consolidated quick test.

The Drained Test is similar to the Consolidated-
Undrained Test in that full consolidation first
occurs under the chamber pressure. However,
drainage is allowed during this stage as well

as during testing. To do this the load is
increased slowly so that no significant pore
pressure is developed. This test is sometimes
called the consolidated slow test.

A more detailed explanation of the triaxial test can

be found in virtually all soil mechanics textbooks (Jumikis

(25), Terzaghi (26)).

2.2 Triaxial Testing Procedure

Preparation of Sample.~—One mix was used which had a

ratio of cement to sand to coarse aggregate of 1.0:1.5:1.5

by weight with a water-cement ratio of 0.4. The cement used

was Type I having an initial set time of 120 minutes using

a Vicat test (27). The sand was saturated surface-dry river
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sand with a fineness modulus of 3.08. To insure uniformity
in grading, the sand was separated by sieving and then
combined to the gradation shown in Figure 4. The coarse
aggregate was pea gravel with 100 per cent passing the 1/2
inch sieve and 50 per cent passing the 3/8 inch sieve.
Distilled water was used. All materials were stored in a
container at 77°F prior to mixing in order to guarantee
temperature uniformity. The size of the concrete sample
used was 2.8 inches in diameter and 6.0 + 0.25 inches in
height. Enough material for three samples was mixed dry in
a porcelain pan and then water added and the time recorded.
A rubber membrane of 0.025 inch thickness was placed in a
compaction mold. The compaction molds used were the same

as those normally used to prepare sand samples for triaxial
testing. Then each of the three samples was placed in a
mold in three layers with each layer receiving thirty strokes
of a one-half inch tamping bar. A vacuum was applied to the
rubber membrane while filling so that no air pockets occurred
between the mold and the membrane. The head was then placed
on the sample and the sample allowed to set until time of
testing (see Figure 5). The time of set was taken to be the
time from the addition of water to the time the testing
began. It was felt that the time of testing (average seven
minutes) was small compared with the amount of set time
(average 75 minutes).

Description of Equipment and Procedure.—To facilitate

the testing of the three samples three Lanzi triaxial cells



PERCENT PASSING BY WEIGHT

U. S. STANDARD SIEVE NUMBERS

100 38 3 4 6 10 1416 20 30 40 50 70 100 140 200
ST T ™ T T T T T

90} \
\

80

701
\

i
\\
| X

o ' \\_J

10 5 [ 0.5 0.l
GRAIN SIZE IN MILLIMETERS

Figure 4, Sieve Analysis of the Sand




19

Pigure 5. Concrete Sample While Setting
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with bayonet connections were used (see Figure 6). Air was
used as a confining medium and the exact pressure was
regulated through a confining pressure control panel (see
Figure 7). Compressed air at approximately one hundred and
sixty psi was passed through a filter and into a surge tank
to take care of input pressure irregularities. The pressure
was then reduced using a commercial Norgen pressure regulator
before connecting to the triaxial cell. The axial load was
applied through a Karol Warner compression machine (model
550) using a KW model DV2 eleétric variable speed drive

(1/6 hp A.C. motor). Ritchie (18) found that strain rates
between two and four per cent per minute had very little
effect on triaxial results. PFor this reason all tests were
run at 2.5 per cent per minute. This control was possible
through the use of calibration charts for the KW model DV2.

A proving ring with a capacity of five hundred pounds
and sensitivity of one pound was used to measure the load.
The amount of deformation was measured with a Soiltest LC-10
dial gauge that had a two inch total deflection with a
sensitivity of 0.001 of an inch.

After the concrete had set the required length of time,
the mold was taken off and the triaxial cell assembled. It
was then placed in the compression machine and the proving
ring was brought in contact with the piston rod of the cell.
The confining pressure apparatus was then connected and
adjusted to the desired pressure. Both the deformation and

load gauges were set at zero. The test was then started and



Figure 6.

Triaxial Cell Before Testing
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was continued to failure with gauge readings taken every
thirty seconds. Figure 8 shows this complete test setup.

Triaxial tests were performed for eight different set
times, 20, 30, 45, 60, 75, 90, 120 and 180 minutes and for
four different confining pressures, 20, 40, 60 and 80 psi.
A minimum of five tests were performed for each confining
pressure—set time (CP-ST) combination. 1In all, there were
thirty-two CP-ST combinations. A typical data sheet is
shown in Figure 9.

A normal distribution was assumed for the deviator
stress results within each CP-ST combination. For each
combination the average deviator stress, standard deviation

and coefficient of wvariation were calculated as follows:

n
T DS
ps. = d=l =
ave n
!
£ (05, - Ds.. )2
Yon & ave
°Ds QV ne--1
s
DS
¢ = x 100
DS DSave
where
DS,_,, = average deviator stress (psi)
DS; = individual deviator stress for each test (psi)
n = number of deviator stress within the
combination (=)
SDS = gstandard deviation of the deviator stress

within the combination (psi) .

= coefficient of variation (per cent).
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Figure 8. Triaxial Testing Apparatus
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Concrete Lateral Pressure Study
Principal Investigator: Roy Olsen

Thesis Advisor: Prof. E. L. Bidwell
Faculty Advisor: Prof. R. L. Janes

bay_2/7/67
Test /0
Mix 23
Sand Grad.# <

Chamb. Press.

JO(/“’b psi

Wght. Empty /3,67 1bs.
Wght. Full 16.76 lbs.
Wght. Sample =.09 1bs.
Height Sample S.9318 in.
Membrane # s
Triaxial Cell # [(=/
Proving Ring # /

s 21
Time of Mix 4
Time of Test éeﬁ
Time of Set 9 min.
Conc. Temp. i °p

AR TEMP (AM) — 77 °F
WATER TEMP (AM) — 7/°F
OVEN TEMP(AM) — G2 F

AR TEMP(AT) — 77°F

Remarks

Proving
Time De;:igf. g::ﬁ.
Min. 0.001" 0.0001"
0.0 /00 200
0.5 /78 310
1.0 26/ 38
1.5 =39 327
2.0 419 3%
2.5 490 34|
3.0 ssS 249
3.5 &322 355
4.0 7¢_-,9 6D
4.5 785 361
5.0 860 SN |
5.5 947 =84
6.0 1ol 390
6.5 /087 397
7.0 Hs7 403
7.5 1234 401
8.0 1309 395
8.5 1385 389
9.0
9.5
10.0

AEHEED ON_LWET  SIDE

Figure 9.

Typical Data Sheet



26

The total number of tests performed within each combi-
nation was based upon the coefficient of variation. When
the coefficient of variation was approximately one third or
less then the results for that combination were considered
satisfactory.

Occasionally individual tests within a particular CP-ST
combination gave results which were significantly different.
This condition, when present in a small sample size,
adversely affected the average deviator stress and standard
de#iatibnn To alleviate this effect all tests which were
more than two standard deviations from the average deviator
stress were eliminated@‘ In actuality this eliminates the
two per cent fringes on the normal diétribution curve (see
Figure 10). The average deviator stress and standard
deviation were then recalculated with the remaining tests

of that particular combination.

2% Fringe 2% PFringe

FPigure 10. Normal Distribution of Deviator Stress
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Presentation of Data.—Two hundred and ninety~seven
triaxial tests ﬁere performed and each was given an indi-
vidual nﬁmbero The data sheets were arranged so that they
could easily be transferred to computer cards and analyzed
on the IBM 1620 computer. The analysis for each test was
performed on two computer programs designated I and IIo
Flow charts for these programs are given in Appendix C.

Program I was used ‘to find the maximum deviator sitress
and associated strain'for each test. The deformation of the
concrete during the test necessitated a correction for the
cross~sectional area. This was done by assuming a uniform
area and relating it to the height and axial strain. The

resulting formula is:

v .
ori
Acorr RRAEEY))

where
Acorr = corrected area
Vorig = original sample volume
h = average height of the individual sample
€ = akial strain.

The deviator stress was calculated by dividing the axial

load at failure by the corrected area., The average strain
rate was also computed ih this program to see if it was
reasonably close to 2.5 per cent per minute. A summary of
the results for each test is given in Appendix A together
with additional'informatiqn recorded.during'the test. A plot

is shown of all the deviator stresses for each confining
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pressure on Figures 11, 12, 13 and 14. Also in Table I a
summary of all the deviator stresses is given.

A plot was made of every stress-strain relationship on
the IBM 565 Calcomp plotter by writing another program
(Program II). All of the tests of a particular CP-ST
combination were put on one graph sheet using the same data
cards as in Program I. Eight representative plots are shown
and discussed in Appendix B. There is one plot for each set
time with different confining pressures.

The statistical parameters (DS and ODS) were

ave’ °ps
calculated for each combination in Program III. As noted

in a footnote for Table I there were thirteen tests which
were eliminated because of the two standard deviation
criteria. This represented four per cent of the total

number of tests. In addition to this, four tests were
omitted because of improper technique representing one per
cent of the total number of tests. 1In all five per cent of
the total number of tests were rejected. After this had

been determined, the average deviator stress, standard
deviation and coefficient of variation were then recalculated
with the remaining tests. These results are summarized
together with the average associated strain in Table II.

This table also gives the number of tests after the elimi-
nation that were used in each of the combinations. Notice
that the coefficient of variation is slightly higher than

one third for the CP(20 psi) - ST(60 min) and CP(40 psi) -

ST(60 min) combinations. However, since they were both just
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TABLE 1

SUMKARY OF THE DEVIATOR STRESSES RESULTS

33

SET TIME OF CONCRETE (MINUTES
20 30 45 60 75 90 120 180
Dev. Test Dev. Test Dev. Test Dev. Test Dev. Test Dev. Test Dev. Test Deve. Test
Stress No. Stress No. Stress No. Stress No. Stress No. Stress No. Stress No. Stress No.
CONFINING PRESSURE = 20 PSI
5473 235 5.48 138 6425 139 6.25 180 5.72 33 10.09 34 13.23 35 25.58 187
6.09 245 5.96 236 T7.07 192 T.48 183 9.84 184 12.24 65 14.01 285  30.08 141
6.77 286 5.97 246 7.81 32 8.39 140 11.18 288 12452 185 15.50 297 30.27 63
7.54 262 8.44 31 8.28 62 8.58 153 11,62 156  13.20 20 15.66 21 31.48 66
Te92 283 8.94 263 1C.49 T 8.82 287 12.21 181 13461 5 17.09 6 31.59 122
9.17 70 12.22 101 10.69 264 12.42 154 14414 157 1714 271 32.83 220
10,96 100 13.39 229 13.99 64 20.67 158 35.16 273
11453 94 13.48 293 17.44 102 21.13 186 36452 36
11.78 61 15.96 19 21.88 121 36497 117
16410 4 22,84 182  37.90 272
18,09 72 51.43 168
CONFINING PRESSURE = 40 PSI
8.67 227 5.06 136 8.41 137 9.9% 193 12410 149 13.59 47 22.81 95
7439 243 8.71 244 8.52 11 10.99 165 10,09 254 12475 201 14,70 191 23.53 96
9.88 274 10,94 135 9.87 50 11.07 28 11.06 148 13.27 2 17.60 3 23.67 97
11.34 289  11.33 238 10.69 199  11.74 253 13.39 276 13.58 255 18.20 194 24.75 116
12432 237 12¢25 49 10.81 38 12,28 275 13.61 109 14.47 284 18.43 24 26438 48
17.23 250 12.38 16 11.94 208 12.55 290 16,63 222 15.15 46 21.21 202 30.89 131
13.61 82 12.65 251 12.63 200 16.80 218 16.28 23 21.84 126 34.22 174
14.49 37 13.04 83 12.65 221 17.07 124 17.73 125 28.03 1M 35.05 142
13.07 147 17455 166 22.44 110 35.41 170
14.41 215 18.59 252 23.91 167
1827 1 24.37 78
28,58 22 26.98 39
30.59 51
CONFINING PRESSUKRE = 60 PSI
8.63 239 8,72 144 8.26 145 8.75 127 11.44 190 14.86 178 14,68 9 19.94 104
9.50 268 8.75 198 10.81 53 10.28 189 12.09 128 15,16 26 17.32 206 20.51 203
9.69 233 9.18 88 11.40 41 10,72 260 13.35 204 15.83 205 17.76 27 26.41 267
9.99 259 9.49 240 11.49 89 12.97 13 14.18 294 15.90 129 20.40 15 29.72 130
11.86 292 12,12 212 11466 89 13.32 80 14.33 261 18.04 14 21,06 133 31.18 169
1277 234 13.34 146 14.73 177 21.15 223 22.39 265 33.81 266
13.21 207 15,26 213 16.08 74 21.27 107 23.08 226 34,60 175
13.78 55 15473 7 16.70 161 22,89 8 23.76 108 39.00 99
13.85 40 18.45 224 1747 214 24,63 155 24.99 179 39.07 115
16.68 52 18.71 25 18.89 291 27.06 270 41.03 143
38.60 42 19.10 269 49,10 57 43.80 98
25412 81 79.27 54
25.22 106
31.07 90
CONFINING PRESSURE = 80 PSI
8.80 241 8.21 112 T7.56 68 11.41 197 12413 278 12411 281 17433 12 22.04 105
8.84 277 8.96 195 10.20 196 11.65 159 12.26 280 14.74 257 18.49 282 22,71 103
9.64 230 9.04 162 10.43 44 14.45 114 12441 150 14,86 296 19,23 279 23.90 132
12412 247 10.62 85 11.90 163 16.84 16 12.94 118 15.19 59 20,08 258 25.01 188
12,88 295 11.08 231 12,58 113 17.22 249 13.23 86 16433 172 20.92 120 27.78 92
12.22 209 13.77 210 17.41 164 14457 21 16.90 119 23.26 152 29.17 93
13.00 242 14411 228 18.08 10 1571 171 17.39 225 23.51 232 29.68 134
13.07 43 15.22 248 15,80 58 20,29 219 26,85 217 29.74 176
14415 91 16.94 73 17.84 256  20.57 11 28,59 173 31.31 123
15419 67 17.54 79 18.10 216  24.65 87  30.%4 30 58.43 84
28.35 160 24.74 17 32483 18
32.97 45 28475 151 38.39 60
42.83 29

TESTS OMITTED BECAUSE OF THE T%C STRESS DEVIATOR CRITERIA

TESTS OMITTED BECAUSE OF ERRORS IN TESTING TECHNIQUE

168 (20-180

)

136 (40-45), 51 (40-60), 39 (40-75

42 (60—603, 90 (€0~75), 57 (60~120
, 29 (80-90), 60 (80-120

45 (80-15

, 54 (60-180
, 84 (80-180

3

34 (20-90), 250 (40-20), 69 (60-180, 75 (60-180)



SUMMARY OF CP-ST COMBINATION RESULTS*

TABLE II

34

Confining SET TIME OF CONCRETE (MINUTES)
Pressure —
(PSI) 20 30 45 60 75 90 . 120 180
Average Deviator Stresses (psi)
20 6.81 8.69 8.68 11.56 11.80 13.14 17.91 32.84
40 10.23 11.54 11.07 13.89 15.37 16.17 19.20 28.52
60 9.93 11.86 10.72 13.75 16.82 18.86 21.25 32.64
80 10.45 11.55 13.02 15.29 15.76 18.88 23.78 26.82
Average Associated Strains (%)
20 1806 1803 18.:7 1704 16&4 906 '80'] 7m6
40 16,8 153 1561 14.5 12.5 9.6 6.3 3.3
60 18.2 15,2 15.8 13.8 11.6 8.3 4,8 3.4
80 15.2 16.8 13.8 11.0 10.7 9.3 7.8 2.7
Deviator Stress Coefficient of Variation
20 13.5  28.2 25.8 34,8 28.3 11.2 19.3 11.6
40 2741 18,1 14. 4 372 28.0 25.1 26.6 18.7
60 119 22.8 13.2 24,2 26.0 19.5 17.7 24.5
80 18.3 20.3 24.0 18.4 29.8 26,5 22.0 12.8
Number of Tests

20 5 9 6 11 8 D 10. 10

40 4 8 7 12 11 10 3 9

60 5 - 10 5 10 13 S 10 11

80 5 10 10 7 _ 11 i2 11 9

*
Not including eliminated tests.
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slightly over and had eleven and twelve tests, respectively,
their results were considered satisfactory. Overall, the
coefficients of correlation were very satisfactory con-
sidering the many factors which were involved. The éverage
coefficient of correlation for all tests was 21.7 per cent.
The manr factor was the human one involved in measuring,
mixing, and consolidating the concrete samples.

On Figures 11, 12, 13 and 14 fhe average deviator stress
and an eighty per cent confidence interval were superimposed
on the previous individual tests. |

In this analysis three assumptions were made:

1) As the sample deformed, the cross—sectional
area remained uniform throughout the height.

2) The concrete sample did not slump after the
compaction mold was removed until the time of
testing. '

3) The membrane did not contribute to the total
strength of the specimen.

Appendix D gives methods to correct for these assumptions if

desired.



CHAPTER TIIT
ANALYSIS OF EXPERIMENTAL RESULTS

3.1 Triaxial_Test Resul ts

Concrete is a composite material consisting of a binding
medium (cement paste) within which aggregate is embedded.

The strength is inherent in the binding medium used whereas
the primary function of the aggregate is to provide an
inexpensive filler material. The concrete has virtually no
shear strength immediately after it is produced by mixing
the water with the cement and aggregate. However, as the.
cement combines with the water the process of hydration
occurs and the cement paste hardens. Associated with this
is a corresponding increase in shear strength., Herein lies
one of the main points of this investigation.

In Chapter II the deviator sitress was plottedvas a
function of set time for each bf the four confining pressures
(see Figures 11, 12, 13 and 14). Straight line character-
istics were evident in these plofs; thus a linear regression
of the average deviator stress and set time was computed for

each. The general equation of a linear regression is

A
D= gy + B4T (3-1)

36
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and
SDYT
o, g 2T TH (3-2)
17 2 - 2 ™
$t° 5p2 _ gzg)
=2 (3-4)
- P .
T =% (3-5)
where

= estimate of the deviator stress from the assumed
linear relationship (psi)

D = %ndigidual deviator stress values from each test
psi

T = individual set times values for each test (minutes)
Bg = constant of the linear equation (psi)
B, = slope of the linear equation (psi per minute)
= average deviator stress for all values (psi)

T = average set time for all values (minutes)

n = total number of deviator stress values (—).
The deviator stress results for the set time of 180 minutes
were somewhat irregular for the four confining pressures;
thus the regressions were based solely on the set times
between 20 minutes and 120 minutes. These regression lines
were superimposed on the deviator stress versus set time

plots. The equations of these lines are

A
DSEO = 4089 <+ Oo102t (3—6)

A
DS,q = 8.29 + 0.090% (3-7)
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3360 = T.53 + 0.117% (3-8)
A - :
DSgg = 7.18 + 0.132t (3-9)
where
3sn = deviator stress obtained by linear regression

at the confining pressure, n (psi)
t = set time of the concrete (minutes).

From these plots it was evident that the set time was
very influential in determining the concrete strength. The
influwence of the confining pressure, however, was con-
siderably less. |

A confidence interval on each of these regression lines
can be found to determine their relative precision. This
results in a band width which centers on the regreséion
line., The standard deviation of the deviator stress for a

fixed set time must first be computed using the equation

1
. a2 - (za8)°
2 2
by e ¥
5., A[BL= D Al st (3-10)

oT ~ n - n - 2
and
2
T
2a° = ° - L‘%’L (3-11)
rdt = soT - Z2EL (3-12)
2 2 (s1)°
R (3-13)
where
SDT = standard deviation of the deviator stress for
fixed set time (psi)
A
D = deviator stress given by the regression equations

(psi)



D = individual deviator stress values from each test

(psi)
T = individual set time values from each test (minutes)
n = total number of deviator stress values (—).

A confidence interval for each set time of S0 per cent is

then computed by the equation

A A =y 2!
CI (D) 0.90=D # %5 4o Spq - TE‘;ZT) | (3~14)
where
tx = student "t* value for the probability of a larger
value than x with n-2 degrees of freedom (—)
T = average set time of all the values (minutes).

The interval must be computed for a number of set time
values to describe the band width. Figures 15, 16, 17 and
18 show the band with 90 per cent confidence interval for
confining pressures of 20, 40, 60 and 80 psi, respectively.
A generalized equation was developed for the deviator
stress as a function of set time and confining pressure.

This equation is

DS = 0.1P + 0.135% (3-15)
where |
DS = deviator stress (psi)
P = confining pressure (psi)

t = set time of concrete (minutes).
For each set of the four confining pressures this generalized
relationship was superimposed on fhe confidenge intervél
bands (see Figures 15, 16, 17 and 18). Note that the

generalized equation is a valid representation for all four
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confining pressures.

While developing the shear strength, the concrete sample
underwent a subsequent amount of deformation. This defor-
mation was recorded and computed in the form of axial strain.
Thus, when the deviator stress occurred there was an
associated strain produced in the concretes. To have a more
complete pictufe of the concrete shear strength it is also
necessary 1o understand the relationship between this
associated strain and set time. Therefore, the associated
strain was plotted as a function of set time and a linear
regression was performed for each of fhe four confining
pressures. Since the result for 180 minutes was discarded
in the calculations for the deviator stress regression lines
they were also discarded for the associated strain regression
lines. These plots are shown in Pigures 19, 20, 21 and 22.
The equations obtained for the associated strain versus set

time were

€0 = 22.54 — 0.1152% (3~16)
8,0 = 19.34 = 0,1030% (3-17)
850 = 20,70 - 0.1299% - (3-18)
Sgo = 17.64 — 0.0884% (3-19)

where
€, = associated- straln at the confining pressure, n(psi)
t = get time of the concrete (mix).
A generalized equation was established for the associ-
ated strain in terms of the confining.pressure and set time.

This eguation is
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€ps = (24.0 - 0.08P) - (0.11-0.00013P) % (3-20)
where
€ps = zzigég ?gggciggig with the maximum deviator
P = confining pressure (psi)
t = set time of the concrete (minutes).

This generalized equation was superimposed on the associated
strain versus set time plots for the four confining pressures
(see Figures 19, 20, 21 and 22). This equation agrees with
the actual regression lines reasonably well inall four cases.

An original assumption was that concrete, while in a
plastic state, obeyed the Mohr-Coulomb Rupture theory. To
see if this assumption was Jjustifiable a Mohr diagram was
constructed for each of the eight set times (see Figures
23-30). In each diagram there were four stress circles at
failure, one for each of the confining pressures. The
diameters of these circles were the average deviator stresses
shown in Table II. A straight line was then drawn tangent
to these circles and constituted the failure envelope.

In all the Mohr diagrams, with the exception of that
for 180 minute set time, the failure envelopes were tangent
to at least three of the four stress circles. From this the
Mohr-Coulomb theory was seen to apply to concrete. In the
case of 180 minutes the stress circles for 40 and 60 psi were
used for it appeared the resulting line was consistent with
the seven other failure envelopes. The resulting Coulomb

equations for the eight set times were:
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Figure 31 shows the failure envelopes in a three dimensional

plot with the third dimension set time.

The cohesion and

internal friction angle for each set time were calculated

and are shown in Table III. These were alsgo plotted as a

function of set time on Figures 32 and 33, respectively.

TABLE III

CONCRETE STRENGTH PARAMETERS VERSUS SET TIME

Set Time Cohesion Internal Friction Angle
minutes psi degrees =~ minutes

20 2.8 1° 34

30 3.8 1° 227

a5 3.8 10 47"

60 4.9 19 47°

75 5.0 3° 02¢

90 5.2 3° 26

120 6.6 3% 18°¢

180 9.1 5° 31¢
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From the Mohr-Coulomb diagrams it is evident that the
shear strength consists mainly of cohesive bond in the
cement paste for the lower set times. As the concrete
continues to set the paste becomes less plastic and the
mobility of the aggregate particles decreases. This causes
the internal friction angle to increase. The cohesion
continues to steadily increase as the set time increases
indicating that the cement is combining with the water to

form the binding medium.



CHAPTER IV

CALCULATION OF CONCRETE PRESSURES

4.1 Development of a New Method Relating Concrete Shear

Strength to Lateral Pressures

This study has been concerned with the determination
of concrete shear strength. A method will now be developed
which relates the shear strength of the concrete to the
lateral pressures of the concrete on formwork. It should
be noted that the concrete shear strength was determined
using only one mix, thus the method has limited application.
Léter in the chapter, pressures obtained from this new methqd
will be compared with the pressures calculated from the ACI
and CERA formulas. The new method combines theory, test
results, and field experience in an intuitive approach to
the problem.

Based on Rankine's Theory, a linear pressure distri-
bution could have been assumed; however, the boundary
conditions associated with concrete formwork did not permit
this. The tie action in the formwork provides intermediate
constraints which do not allow deflections necessary to
justify a linear pressure distribution. The work of
Terzaghi and Peck (23) on braced cuts in soft Chicago clay

was investigated. Because the properties of both soft clay
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and plastic concrete have similar characteristics and the
boundary conditions associated with wall formwork and braced
cuts are also similar, it was decided to incorporate the
formula they recommended for the lateral pressure. This

formula is

P=Yh - 2qu (4-1)
where

P = pressure on wall

v = unit weight of the material
h = height of wall
dy = unconfined compressive strength of

the material.

The unconfined compressive strength for the concrete and
the associated strain can be evaluated by Eguations 3-15
and 3-20, setting P equal to zero. |

With this relationship it was necessary for the concrete
to deform a certain amount to develop the full shear strength.
This was defined as shear strength mobilization. In a
braced cut even the moest workmanlike procedure of installing
the'brécing produces enough deformation to develop full
shear mobilization. This is not the case in concrete form-
work.' To develop full shearing strength, the concrete must
underge an axial strain of anywhere from 3 to 20 per cent
depending on the amount of set time. However, in concrete
work the formwork limits the ambunt of axial strain to
about 2 per cent since maximum allowable deflections are

established. Because of this 1t was necessary to reduce the



amount of shear strength mobilized by the axial strain of

the concrete. This was done by implementing the stress-
strain relationship of the concrete for the.specified fime

of set. The first step was to develop‘a relationship bgtween
the deflections in the formwork and this strain.

In Figure 34, a typical concfete wall section is shown
with a linear deflection pattern assumed for ease of calcu~—
lations. Also, assuming fhat the concrete d4id not expand
orvcontract appreciably, the area of A must be equal to the
area of the two triangles B. Noting that the defléction of
a8 linear approximation was greater than the actual value,

a multiplier of 1.3 was added to account fer the difference.

€T . A
_ 777
\
I\ \ ——ASSUMED _ LINEAR®
A \/ DEFORMATION
(t1-€)T § % T o
T = TIE SPACING
N | \7 |
\ \l W = WALL THICKNESS
\ \I € = AXIAL STRAIN
AN b "D = FORM FACE
N N DEFLECTION
Y \J
NW
—~{1.3D W 13D

Figure 34. Typical Concrete Wall Section
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The value of this multiplier was determined by approxi-
mating the observed deflections in actual formwork. When

this was done the equation for the strain became

3 1.3D(1 — ¢)T
(eT)W = 2 x A
which reduces to

© = W% 1.3 (4-2)

where

¢ = actual axial strain in concrete (per cent)

)
I

deflection of formwork face (inches)

W

t

wall thickness (inches).

A guestion arose as to the amount of deflection the
form face undergoes. This depends on the rigidity of the
formwork, the elongation of the tie rods, and the tightness
assoclated with thé bearing and connections. The first two
could be fairly well established as a functidn of load.

For instance in the case ofvaTOOO psf concrete pressure,
these together were approximately 0.10 inches. The tight-
ness, however, was very difficult, if not impossible to
determine, PFor this reason another approach had to be taken.
Under extreme conditions, a 1/4 inch deflection was thought
to be reasohableo Also noting that the deflection should

be a direct function of the load the following relationship

was established,

D = 0.02P | | (4-3)

where
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D = deflection of the formwork face (inches)

It

P = formwork pressure (psi).
It should be pointed out that this equation has been arrived
at intuitively; however, the deflections obftained are con-
servative., A method for obtaining greater refinement of
this equation is suggested in the next chapter.

Using Eguation 4-3, a 1500 psf concrete pressure in a
12 inch wall would give a deflection of 0.20 inches in the
formwork face. With this deflection a strain of 2.1 per cent
in the vertical direction was calculated using Equation 4-2.

To determine the concrete pressure it was helpful to
first evaluate the coefficient of the concrete pressure in
relation to a totally fluid action with a concrete unit
weight of 150 pounds per cubic foot. In doing this the

coefficient relationship became

150n ~ 288q .

Kpax = 50n (4-4)
where
Kmax = coefficient of concrete pressure at failure(—)
h = height of concrete head (ft)
Qpox = shear strength of the concrete at failure (psi).

The stress—-strain relationship was assumed to be linear
between the origin and the point of failure (see Figure 3).
However, for low values of gtrain, this linear relationship
decidedly underestimated the concrete shear strength. This
was particularly true for low get times. PFor example, at a

30 minute set time and 60 psi confining pressure the shear
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strength at two per cent given by the‘linear approximation
was 1.2 psi whereas the actual shear strength was 2.9 psi
(see Figure B.4 in Appendix B). To more accurately reﬁresent
the stress—strain relaﬁionship a_third=ordef curve was drawn
between the Qrigin and point of faiiure in the concrete.

.See Figure 35 for a general plot illustrating_this relation_
ship. The value of coefficient K includes the:negafive_of
-the shear strength (Equation 4-4), thus when K was plotted
versus the vertical strain in the concrete, the plot became

~concave upward.

Point of
1.0 Origin

Linear Stress~Strain Plod
(Slope Q)

i ; .
€ Strain
mer (#)e

| .
3rd Order Stregs-Strain
Plot

Point of
Pailure
max :

FPigure 35. Coefficient Versus Strain
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Negative.values of K indicate thét»thevconcrete,‘with
a certain amount of deformation, would be able to support
the congrete head without any additiohal lateral support.
.Beéause of the absence of shear strength immediately after
mixing the coefficient became one‘which depicts a fluid
head action. | |

The siope at the origin was greater than that given by
a linear approximation and at failure it was less. Aiso
from the actual stress~strain curves it could be noted that
thé per cent increase invthe slope at the origin was approxi-
mately twice the magnitﬁde of the per cent decrease of the

slope at failure. The equation used to calculate K was

K = Ae> + BeZ + Cé + D (4-5)

and the boundary conditions were
K (@e = 0) = 1.0
dK - _ _
EE (@e = O) = (1 f p1)Q

K (@c = = K

€ o)
max max

aK . - _
Je (@€ = emax) = (1 Pz)Q

where }
T - Kyax
Q = mm=———>—2= = glope of the linear K - ¢ plot
®max (see Figure 35)
Kmax = coefficient of concrete pressure at failure(—)
¢ = axial strain of the concrete at failure (per

cent) Equation 3-20

K = coefficient of concrete pressure at the concrete
strain (—)
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¢ = actual amount of vertical strain in the concrete
(per cent)(Equdtlon 4~2)

Py = fractional increase in stress-strain slope from
linear plot at origin (—)
Po = fractional decrease in stress—-strain slope from

linear plot at failure (—).
The constants A, B, C and D used in Eguation 4-5 to

calculate K were evaluated using the boundary conditions to

be
(2 4+ pyg = p5)e, Q- 2K + 2
A = 1 2 3de max (4-6)
€nax
K .. =3~ (3+2p, - pole__ Q
B = max > 1 27 "max (4-7)
*nax
C= (1+ 0700 (4-8)
D= 1. (4-9)

The linear approximation of the stress-strain curve was
much closer to the actual stress—stréin curve as the set
time increased. For this reason it was not possible to set
an exact value on Pq and Poe Since the rate of pour, R, |
directly influences the time at which the maximum pressure:
was developed, it was felt that these slopes, P and Pos
should be made a function of R. After an actual analysis
two straight lines were established for P in terms of R.

These were

i

for R < 14 fph p; = B/9 - 0.3 (4-10)
for R = 14 fph p, = R/40 + . 1.0 (4-11)

and | po = 0.5 pyo . (4-12)
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This indicates that for low rates of pour the maximum
pressure occurs at relatively high set times and the per cent
increase in the slope wouid be small in comparison to the
linear plot. This was intuitively correct. Note that when
R = O the slope was negative; however, this was not con-
sidered relevant for values of R less than one are\never
encountered in construction practice. The validity of these
relationships will be shown later.

In Equation 4-4, the variable h was given as the height
of concrete head and was equal to the rate of pour multiplied
by the elapsed time since the placing operation had begun.
In the same equation the shear strength of the concrete is
also a function of time but it commences when the concrete
was mixed and began to set. This difference was defined as
the time of initial set and was equal to the elapsed time
between the commencement of mixing and placing operations.
It may be recalled that the concrete shear strength consists
mainly of cohesive bond in the cement paste and not inter-
locking forces created by the aggregates. It was therefore
necessary to consider this fact and include it in the
analysis. Varying amounts of initial set time were con-
sidered and the results will be discussed later. It should
be noted that this breakdown of interlocking friction was
considered by the addition of a vibration factor which was
computed in relation to wall thickness. In narrow walls
the vibration pressure is greatly intensified, therefore,

a higher vibration -pressure was necessary. The CERA method
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added 200 psf for vibration to all pressures. An equation
was developed to let the vibration pressure be approximately
200 psf for a 6 inch wall and then gradually reduce downward

for wider walls. The equation is

Poip = 100 + 300(1 - wW/10) (4-13)
where

Pvib = concrete pressure due to vibration and impact
factors (psf)

W = wall thickness (inches).
With this equation the vibration pressure added for a 12 inch
wall was 40 psf, whereas for a 6 inch wall, the pressure was
220 psf.

The height of the actual wall being considered must be
included in the analysis. This is particularly evident for
low walls with high rates of pour. The time in which
concrete develops its maximum pressure is usually on the
order of one hour after placing. If an 8 foot high wall was
poured at 12 feet per hour, the total time of pouring would
only be 40 minutés. Most formulas consider this case as
an equivalent fluid head of concrete; however, this method
completely disregards the fact that the concrete has already
had 40 minutes of set (plus any initial set time) to develop
shear strength. Thus in Equation 4-4, the value of h was
set equal to the lesser of the wall height or rate of pour
times the time of placing.

In the actual pressure analysis the equations developed

for the deviator stress (Equation :3-15) and associated strain
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(Equation 3-20) were used. A computer program that aided
in the analysis is showﬁ as Program V in Appendix C. With
this program the pressures could be evaluated by the new
method for different amounts of placement times. A pressure
was calculated and then compared with the largest previously
calculated pressure and if it was larger, then it stored the
pressure as the maximum. The following four factors were
sihgled out for analysis with this program;

1 - Rate of pour

2 - Time of initial set

3

4 - Wall thickness.

Height of wall

In past literatUre, great importance was placed on the
rate of pour; therefore, it was included together with each
of the other three factors. This was also necesgitated by
the rate of pour's interrelationship with each of the other
factors.

To begin the program it was necessary to have an
estimate‘of the pressure in order to célculate the form face
deflection. The ACI formula was used for this estimate.

A summary of the calculations to find the pressures by
the new method follows. For each of the placement times,

1 —= Calculate the ACI pressure using Eguations 1-4
and 1-7:

for R < 7 fph whichever is lesser of

P = 150+-9—Q-%9~Eor 150 (1-4)
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for R =2 7 fph whichever is the least of

or 150 h or 2000 psf

(1-7)

Calculate the deflection using the ACI pressure of
1 in Egquation 4-3:

2 - 150 4 43400 , 28008

D = 0.02P (4-3)

Calculate the axial strain in the concrete by
Equation 4-2:

¢ = T (4-2)

Calculate the minimum head of concrete by comparing
the wall height with the rate of pour multiplied by
the placement time:

hcon = (R)tp or hm whichever is less
Calculate the slopes of the XK -~ ¢ curves using
Equations 4~10, 4-11 and 4-12:

R

for R < 14 fph py =7 = 0.3 (4-10)
for R = 14 fph p, = f% + 1.0 (4-11)
po = 0c5p, , (4-12)

Calculate the time of set by adding the initial set
time to the placement time:

ts = tp + tis
Calculate the coefficient for the maximum deviator
stress (Equation 3-15) using Equation 4-4 and the
associated strain using Equation 3-20:

Quay = O-1P + 0.135 f (3-15)
1500 - 288 q_,_

Knax = 150h (4-4)

GmaX = (24,0 - 0.8P) = (0011*vOFOOOT3P)tS

(3-~10)
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8 - Calculate the actual coéfficients using the results
previously evaluated in Equations 4-5 through 4-9:

K = Ae3 + Be2 + Ce + D (4-5)
Wher? )
24 pq 7 Ppleng Q- 2Ky +2

A= 3 ' (4-6)

®max
3 - 3~ (3 + 2p, = prle Q

B = Kmax 5 1 27 max (4-7)
*nax

C=(1+ pq)Q | (4-8)

D= 1.0 (4.9)

1 - K .
max

9 ~ Calculate the vibration pressure using Equation 4-13:
P,5p = 100 + 300 (1 = W/10) (4-13)

10 - Calculate the concrete pressure for this placement
time by adding the coefficient multiplied by the
~equivalent fluid head of concrete to the vibration
‘pressure:

Poon = 190K Boon + Pyyy

11 - Compare the pressure of this placement time with
that of the previous placement times and store
the highest pressure. After all placement times
have been evaluated the maximum pressure is
punched oute.

12 ~ Then change to the next desired input conditions
(wall thickness, wall height, rate of pour and
initial set time) and go through all calculations
once more.

For a more thorough summary see the flow chart for

Program V in Appendix C.
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4.2 Comparison of Concrete Pressures Determined by the New

Method with Those of the ACI and CERA Methods

As mentioned previously concrete pressures were calcu-
lated using the ACI and CERA formulas in order to correlate
the pressures computed in this new method. It was realized
that only one concrete mix was used and no prototype tests
have been performed, thus all comparisons between the ACI,
CERA, and new methods were limited in scope.

The American Concrete Institute formula was chosen
because it is the recognized method in the United States and
the CERA method because of the extensive investigation that
was performed on actual formwork in its development. In
order to use these methods, it was necessary to establish
certain values to make the equations consistent with the
testing conditions of the new method. For the CERA method
both the concrete mix and temperature characteristics were
corrected. Also the temperature of 75°F had to be included
in the ACI formulas. After this, each of the three factors
(initial set time, wall width and height) was combined with
the rate of pour and analyzed separately.

Before these four factors are discussed, an interest of
note concerning the slopes, P and Po of the K - ¢ plots
should be pointed out. The actual value of pq Was estab~-
lished,from the appropriate stress—strain relationship
using the time at which the maximum pressure occurred. These
actual values compared very closely to those estimated by

Equations 4-10, 4-11 and 4-12 which use R as a basis. The
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~comparison of the Pq values is shown in Table IV.

TABLE 1V
COMPARISON OF ESTIMATED AND ACTUAL P VALUES

Rate of Pour Estimated Time of WMaximum Actual

Pq Value Pressure Py Value
2 0 140 0.3
6 0.35 140 0.3
10 0.8 © 110 0.6
14 1.25 90 0.6
18 1.45 70 1.3

Varying Initial Set Times.—To understand the influence
Qf the initial set alone, the wall height and width were
kept at 12 feet and 12 inches, respectively. Bbth twenty
different placement times increasing from zero to two' |
~hundred and five different rates of pour ranging from 2 to
18 feet per hour were analyzed. The results obtained for
five initial set times (0, 10, 20, 30 and 40 min.) are shown
in Table V. These pressures were plotted as a function of
rate of pour for each of these initial set times in Figures
36 to 40, It was interesting to note that the CERA method
takes into account this factor of initial set time. When
the initial set time was zero the pressures developed by
both the new and CERA methods were greater than that for the

ACI method. On the other hand, for a large initial set time
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TABLE V

CONCRETE PRESSURES WITH VARYING TIME
OF INITIAL SET

acT] ' TIME OF INITIAL SET (MIN)
0] 10 20_ 30 40
N.° 409 359 309 259 209
2 390 3
CERA 502 _490 460 419 371
N.M. 1088 938 788 638 488
6 870 |

CERA 916 879 790 665 522
=N | | |
= N.M. 1293 1189 1069 931 769
B 10 1101 | »
o - CERA 1300 1268 1120 912 674
2 ;
P N.M. 1336 1224 1099 956 794
% 14 1251
o X CERA 1380 1380 1380 1158 825
=

NoM. 1408 1288 1155 1055 836

18 1400
CERA 1460 1460 1460 1405 976

All pressures in psf.

Wall Thickness = 12 in.

Wall Height = 12 ft.
Concrete Temperature = T75°F.

1

American Concrete Institute.

°New Method.

3Civil Engineering Research Association.
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Figure 39. Concrete Pressure Versus Rate of Pour (T.I.S. = 30 MIN)
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of 40 minutes, the pressures of the new and CERA methods were
less than the ACI pressures. This is quite understandable
for the longer the concrete is allowed to set before place-
ment the less mobile it will become and subsequently the
greater the shear strength. Also noted was the fact that
the new method was in close agreement with the CERA method
for almost all the initial set times except when the rate of
pour was over 14 feet per hour in the 12 foot wall. This
factor will be covered as part of the wall height discussion
in the next section. It would seem that the ACI method was
deficient in not considéring the initial set time factor.
However, this factor has indirectly been considered by ACI,
for on most jobs, the minimum emount of initial set time4is
20 minutes. On investigating the graph for 20 minutes
initial set time (Figure 38), the ACI formula was seen to
agree very well with the new and CERA methods. However, for
higher initial set times (30 minutes) which are more common
on concrete projects, the ACI method appears to overestimate
the pressure by about 25 per cent for this factor alone.
Using the same results the pressures were then plotted
versus initial set times for each of the rates of pour.
The primary purpose in doing this was to establish the
initial set time which gave the best correlation between the
methods for each rate of pour. These plots arevshown in
Figures 41 through 45, inclusive. For rates of pour of six
feet per hour (Figure 42) and ten feet per hour (Figure 43)

very close correlation between the new and CERA methods was
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observed. This was particularly true for initial set times
between 20 and 30 minutes. For this reason and that
mentioned in the preceding paragraph, an initial set time of
20 minutes was chosen as being representative and was used

in the analysis of the other two factors.

Varying Heights of Wall .-~Modern methods of concrete
rlacement have- continually been improving and because of
this the rates of pour in walls have steadily increased.
Because of these higher rates of pour the pressures obtained
using the ACI and CERA methods are sometimes greater than a
concrete pressure with an equivalent fluid head (150 1lbs.
per cu. ft.). TIn these cases both ACI and CERA specify the
equivalent fluid head of concrete to be used. However, they
do not consider any shear strength developed during the
initial set and placement time. To actually see how height
affects the pressures five different heights were investi-
gated (6, 10, 12, 16 and 20 feet). These were done for an
initial set time of 20 minutes and a wall thickness of .

12 inches. The rates of pour again ranged from 2 to 18 feet
per hour and there were 20 placement times for each rate of
pour. The results of the program are seen in Table VI.
Figure 46 gives the pressures as a function of rate of pour
for a six foot high wall. This plot is interesting in that
the resuld usiﬁg an equivalent fluid head of concretve gives
900 psf whereas CERA gives a value even higher due to their
addition for vibration. Note that in this case the new

method gives pressures on the order of 2/3 the hydrostatic



TABLE VI

CONCRETE PRESSURES WITH VARYING
WALL HEIGHTS

HEIGHT OF WALL (FT)

6 10 12 16 20
ACT 390 390 390 390 390
0 NoM.2 309 309 309 309 309
CERAZ 460 460 460 460 460
ACT 870 870 870 870 870
6 T N.M, 574 788 788 788 788
= CERA 790 790 790 790 790
!
IS5
B ACT 00 1101 1101 1101 1101
g 10 NoM. 611 939 1069 1269 1344
Ay
o CERA 1042 1120 1120 1120 1120
]
£}
e ACT 900 1251 1251 1251 4251
r
14 NoMo 517 939 1099 1444 1657
CERA 1100 1320 1320 1320 1320
ACT 900 1400 1400 1400 1400
18 P]OMO 6."5'] 939 }?55 1’4‘55 4843
CERA 1100 1460 1460 1460 1460
All pressures in psi.
Wall Thickness = 12 in.
Time of Initisal Set = 20 min.
Concrete Temperature = 75°F,
]American Concrete Institute. 2New Method.
]

“0ivil Engineering Research Association.
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case which is due to the setting up of the concrete. On
Pigure 47, the pressures for heights of 10, 12, 16 and ZQ
feet are all plotted as a function of rate of pour for all
the methods. In the CERA and ACI methods no distinction is
made for the different wall heights but the pressures of the
new method differ decidedly for high rates of pour. For
rates of pour up to eight feet per hour, all three methods
give very similar results. Above eight feet per hour, the
height begins to influence the pressures ohtained by the

new method and this ihfluence becomes greater as the rate of
pour increases. For ingtance, the pressure difference
between a ten foct and a twenty foot high wall at a rate of
pour of ten feet per hour is 42 per cent, whereas at a rate
of eighteen feet per hour it is 96 per cent. The reason for
this variance stems from the combination of the maximum
concrete head together with the shear strength in the
coefficient (K) calculation in BEquation 4-4. Notice that
for very high walls (twenty feet), the concrete pressure is
considerably higher than the pressures of the ACI and CERA
methods. This is caused by the assumption of twenty minutes
of initial set time, whereas the actual is more like thirty
minutes. If thirty minutes is used then the resulting
pressure for the twenty foot wall is much cleser to ACI for
high rates of pour. In this case, both the pressures of

the new and CERA methods are lower than the ACI pressures
Tor rates of pour up to ten feet per hour.

Varying Widths of Wall.——It was originally assumed: in
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the new method that the width of wall was influential in
determining the concrete pressure. This was related tc the
amount of shear strength that was mohbhilized. When all other
factors are held constant, the same form face deflection
causes greater concrete deformation in a narrow wall than a
wide cne, This in turn produces a larger amount of vertical
strain and thus a higher shear strength. The CERA method
also considers the wall thickness to be influential; however,
it denotes arching between fhe form faces ag the cause.
Bécause of this the influence on the pressure is somewhat
different in the new and CERA methods. As mentioned earlier,
ACTI does not consider the wall thickness at all. In Table
VII, a summary for wall widths of 8, 12 and 16 inches is
given. The initial set time is twenty minutes and the wall
height, sixteen feet. The rates of pour again went from two
to eighteen feet per hour. In Figure 48, the same results
are shown graphically. As seen in this PFigure, it is not
until a rate of pour of nine feet per hour has been reached
that CERA makes any allowance for wall thickness.

The selection of pressure in the CERA method depends on
two criteria, stiffening and arching (see Equations 1-8 and
1=9), and they are not integrated. Therefore; it is only
when the arching criteria governs that the width influences
the pressure. The new method considers width influence for
all rates of pour. The relative magnitude of pressures
obtained from all three methods agrees very well when con-

sidering twenty minutes ag the initial set time.



TABLE VII

CONCRETE PRESSURES WITH VARYING
WALL THICKNESSES

—~J

WIDTH OF WALL (IN.)

8 12 16
ACT! 390 390 390
2 N.M.2 352 309 264
CERAS 460 460" 460
ACT 870 870 870
6 NoM. 686 788 889
~ CERA 790 790 790
s
o
) ACT 1101 1101 1101
= |10 N.M. 1096 1269 1383
51
& CERA 1100 1120 1120
o
(@]
5 ACT 1251 1251 1251
=<
A V] N.M. 1287 1444 1584
GERA 1180 1380 1449
ACT 1400 1400 4400
18 NoMo 1345 1455 1584
CERA 1260 1460 1660

A1l pressures in psf.

Wall Height = 16 f1t.

Time of Initial Set = 20 min.

Concrete Temperature = 75°F,
1American Concrete Institute.
2New Method,

3Civil Engineering Research Assoclation.
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At the rate of two feet per hour, an error may have
been thought to occur because the eight inch wall gives a
higher pressure than a wider wall, but this is due to the
vibration intensification factor (Equation 4~13) in narrow
walls being proporticnally greater than that caused by the

rate of pour.



CHAPTER V
CONCLUSIONS AND RECONMMENDATIONS

This study has centered on the shear strength variation
of concrete and its relationship to lateral pressures. The
shear strength was evaluated through the use of a triaxial
testing arrangement. The triaxial tests were run at
different conecrete set times and a shear strength-set time
relationship was established. Only one concrete mix and
test temperature was used so that the factof of shear
strength could be isolated and its effect on concrete
pressures established. TUnder these conditions the pressures
obtained by this new method were compared with pressures
that were computed using methods recommended by two noted
orgenizations, the Civil Engineering Research Association

(CERA) of England and the American Concrete Institute (ACI).

5«1 Conelusions

From the results of this study the following conclusions
can be drawns
1) The shear strength parameters of concrete are
g linear function of set time,
2) The Mohr-Coulomb Rupture Theory does apply to

conecrete while it is setting.

90
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3) The shear strength of the concrete can be
related to the pressures of coﬁcrete on formwork
providing the boundary conditions associated with
are considered.

4)  With the factors they consider, both the ACI and
CERA methods for determining the concrete pressures
are reasonably accurate; however, in some areas
they both are overly conservative (i.e. in some
cases the assumption of the equivalent fluid
height of concrete with no consideration cof
any shear strength which has developed during

the placing operation).

5.2 Recommendations

The method used to evaluate the concrete pressures has
been primarily based on a theoretical analysis. To validate
the results it is suggested that prototype walls be erected
and a set of full scale tests be performed. Then the actual
deflections and initial set times can be recorded and the
Validity of this correlation can be further verified. After
this has been estéblished further triaxial tests can be
performed with various mix designs and temperatures in

order to make this new method more complete.
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APPENDIX A

DATA AND RESULTS OF THE INDIVIDUAL TRIAXIAL TESTS

DATE 1EST CHAMDER - SET . TEMP. " DEVIATOR ASSOCIATED . OVERALL
NO. PRESSUKE TILE - op STRESS . STRAIN NUMBER
PSI HIN. PSI : %

1 2 3 4 5 6 7 8

1/25/67 1 40 60 80 18.87 15 1.

2 40 90 80 13.27 7 2

3 40 120 80 17.60 4 3

1/26/61 1 20 60 74 16.10 19 4

2 20 80 74 13.61 8 5

3 20 120 14 17.09 5 6

4 60 €] 176 15,73 17 17

5 60 90 74 22,89 6 8

6 GO 120 74 14.68 7 g

17 80 60 14 18,08 13 10

8 80 §0 13 20,957 8 11

P 80 120 73 17,33 7 e

1/21/61 1 50 60 78 12.97 8 13

2 60 90 71 18.04 9 14

3 60 120 176 20.40 3 19

4 80 60 80 16.84 9 16

5 80 90 79 24.74 7 17

6 80 120 78 32.83 4 18

1/28/67 1 20 60 81 19,96 1% 19

2 20 90 81 13.20 10 20

3 20 120 8o - 15,66 5 21

4 40 60 Y 28,48 17 22

5 40 90 i 82 16,28 ] 23

4 40 120 ~ 82 18,43 & 24

7 60 50 83 . 18,71 12 25

8 6O 90 83 5016 ] 26

9 60 120 83 17,16 o 27

1/29/67 1 40 60 85 11,07 iz 28

2 40 90 36 42,85 11 29

3 40 120 8¢ 30.54 4 30

2/2/61 1 20 30 Ve 8.44 1t 31

2 20 45 72 7.81 19y Je

3 20 75 71 S.72 19 33

4 20 L9 . T4 10,09 18 34

5 20 720 ) 74 13.23 10 35

6 20 - 180 74 : 36,52 19 36

7 40 30 % 14,49 2 37

8 40 45 Ty 10.81 19 38

9 140 % 1% 26,98 19 39

2/3/67 1 60 30 . 14 13489 9 40

2 60 45 74 . 11,40 15 41

3 60 © &0 . 14 38,60 1t 42

4 80 30 . 18 13,07 9 43

5 80 15 78 10.43 13 a4

6 80 15 78 32,97 14 45

7 40 90 79 5.1y 1 46

8 40 120 - 79 . 13,99 8 47

9 40 180 18 26,38 5 48

10 40 30 . 30 12,25 11 49

11 40 45 80 5.87 13 50

12 40 60 80 30459 19 . h

2/4/67 1 60 ' 30 79 16.68 7 52

/4/ 2 60 45 79 10,81 13 R ]

3 60 180 19 79.27 16 54

2/1/67 1 60 30 68 13.78 19 59

/1 2 60 45 &7 11,49 18 56

3 60 . 120 .67 49,10 15 . 57

4 80 75 72 15.80 ] 58

5 80 90 T2 15.19 o2 959

6 80 120 72 38.39 18 60

7 20 30 74 11.78 : 19 61

8 20 45 73 8.z8 18 62

9 20 180 74 30.27 17 83

10 20 15 73 13.99 17 64

11 20 90 75 12,24 11 &5

12 20 180 75 31.48 4 66

13 80 30 75 15.19 19 67

14 80 - .45 75 7.56 19- 66

15 60 180 14 89,14 9 69

2/8/6 1 20 30 76 9.17 19 70

/8/67 2 20 45 76 10,49 19 71

3 20 60 . 16 18,09 18 72

4 80 45 78 16,94 12 13

5 80 75 78 16.08 7 74

6 a0 180 71 ——— - 15

7 40 30 74 12.38 18 76

8 40 45 14 8452 19 17

B 9 40 7% 4 24437 19 78



1 2 3 4 5 3 7 8
2/9/61 1 80 45 70 17.54 11 79
2 60 60 69 13.32 17 80

3 60 75 69 25412 15 81

4 40 30 78 13.61 12 82

5 40 45 78 13.04 17 83

6 80 180 78 58.43 8 84

7 80 30 79 10,62 18 85

8 80 75 79 13.23 11 86

9 80 g0 19 24,65 16 87

10 60 30 80 9.18 19 88

11 60 45 80 11.66 13 89

12 60 75 80 31,07 19 90

BE! 80 30, 80 14.15 17 91

14 80 180 80 27.78 2 92

15 80 180 80 29,17 2 g3

2/10/61 1 20 30 74 11453 19 94
2 40 180 75 22.81 k! 95

3 40 180 75 23453 k| 56

4 40 180 79 23.67 2 97

5 60 180 79 43.80 6 as

6 60 180 79 39.00 1 aa

7 20 30 78 10.96 19 100

8 20 45 18 12,22 18 101

9 20 75 79 17,44 7 102

2/11/67 1 80 180 75 22.71 3 103
2 60 180 76 19.64 1 104

3 80 180 77 22,04 3 105

4 60 75 75 25.22 10 106

5 60 90 76 21.27 5 107

6 60 120 76 23.76 4 108

2/13/67 1 40 75 83 13.61 9 109
2 40 90 83 22,44 g 110

3 40 120 84 28,03 5 111

a4 80 30 80 8.21 19 112

5 80 45 80 12.58 16 113

6 80 60 80 14445 9 114

7 60 180 80 39.07 3 11%

8 40 180 80 24475 3 116

9 20 180 80 36,97 3 117

2/14/67 1 80 75 73 12494 18 118
2 80 90 74 16,50 5 119

3 80 120 75 20,92 6 120

4 20 120 76 21.88 7 121

5 20 180 77 31459 4 122

[ 80 180 77 31.31 3 123

7 40 5 80 17.07 13 124

8 40 90 80 17.73 6 125

9 40 120 79 21.84 5 126

10 50 60 79 8.75 18 127

11 60 75 80 12,08 ] 128

12 60 90 80 15.90 11 129

13 60 180 80 29,72 2 130

14 40 180 80 30,89 2 131

15 30 180 80 23.90 2 132

2/15/67 1 60 120 76 21,06 3 133
2 80 180 75 26,68 2 134

3 40 30 72 7.70 12 134

4 40 45 72 5.06 19 136

5 40 60 73 8.41 19 137

6 20 30 75 5,48 18 138

7 20 45 75 6,25 19 139

8 20 60 76 8.39 19 140

9 20 180 75 30.08 5 141

10 40 180 75 35.05 5 142

11 60 180 75 41,03 3 143

2/16/67 1 60 30 71 8.72 19 144
2 60 45 72 8,26 19 145

3 60 60 71 13434 14 146

4 40 60 71 13,07 17 147

5 40 75 74 11.06 13 148

6 40 90 72 12410 9 149

7 80 75 72 12.41 15 150

8 80 30 71 28.75 19 151

9 80 120 72 23,26 9 152

10 20 €0 75 8.58 19 153

11 20 75 75 12442 17 154

12 60 90 74 24,63 18 155

2/17/67 1 20 75 78 11462 15 156
2 20 90 7 14,14 8 157

3 20 120 77 20,67 6 158

2/18/67 1 80 60 78 11.65 6 159
2 80 75 78 28435 11 160

3 60 75 78 16,70 1 161

3 80 30 83 9.04 19 162

5 80 45 82 11490 10 163

6 80 60 82 17441 9 164

2/23/67 1 40 60 73 10,99 18 165
2 40 75 73 17455 9 166

3 40 90 72 23.91 8 167

4 20 180 74 51443 13 168

5 60 180 74 31.18 3 169

6 40 180 74 35.41 4 170

7 80 75 72 15.71 9 171

8 80 90 72 16433 1 172

g 80 120 72 28.59 11 173
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1 3 4 5 6 7 8
2/24/67 1 40 180 74 34,22 3 174
2 60 180 74. 34.60 g 175
3 80 180 76 29.74 3 176
4 60 75 73 14.73 17 177
5 60 Y 73 14.86 8 178
6 60 120 72 24.99 5 179
2/25/67 1 20 60- 67 6425 19 180
2 20 75 67 12,21 19 181
3 20 120" 68 22.84 12 182
4 20 60 73 7.48 © 18 183
5 20 75 74 9484 19 184
6 20 90 74 12,52 1 185
7 20 120 77 21413 7 186
8 20 180 76 25.58 5 187
9 80 180 77 25,01 4 188
10 60 60 76 10.28 17 189
1 60 75 76 11444 12 190
12 40 120 76, 14.70 8 191
2/27/67 1 20 45 75 7.07 19 192
2 40 75 75 9495 18 193
3 40 120 74 18.20 8 194
2/28/67 1 80 30 75 8.96 18 195
2 80 45 75 10.20 19 196
3 80 60 75 11441 17 197
4 60 30 77 8.75 18 198
5 40 45 77 10,69 17 190
6 40 60 78 12,63 18 200
5/30/67 1 40 90 79 12,75 g 201
2 40 120 80 21.21 6 202
3 60 180 79 20.51 4 203
4 60 75 77 13435 14 204
5 60 90 77 15.83 7 205
6 60 120 77 17432 4 206
7 60 30 77 13.21 19 207
8 40 45 76 11,94 17 208
5/31/67 1 80 30 81 12.22 13 209
2 80 45 81 13.77 10 210
3 80 75 81 14,57 7 211
1 60 30 80 12412 ] 212
5 60 ) 80 15.26 ] 213
6 60 75 80 17447 10 214
7 40 60 83 14.41 17 215
8 80 7% 83 18410 6 216
9 80 120 83 26.85 4 217
10 40 75 35 16.80 9 218
11 80 S0 85 20.29 3 219
12 20 180 84 32.83 2 220
13 40 60 83 12.65 5 221
14 40 75 83 16463 14 722
15 60 90 83 21,15 6 22
16 60 60 81 18445 10 224
17 80 30 82 17439 8 225
18 60 120 82 23.08 4 226
19 40 30 80 8.67 19 227
20 80 45 80 14411 16 228
21 20 60 80 13439 18 229
6/1/67 1 80 20 80 9.64 16 230
2 80 30 80 11.08 17 231
3 80 120 79 23.51 8 232
4 60 20 79 9.69 19 233
5 60 30 79 12477 19 234
6 20 20 80 5473 19 235
7 20 30 80 5.96 19 236
8 40 20 80 12432 14 237
9 40 30 80 1133 19 238
6/2/67 1 60 20 76 8,63 19 239
2 60 30 76 9.49 18 240
3 80 20 76 8.60 19 241
4 80 30 76 13.00 19 242
5 40 20 76 7.39 19 243
6 40 30 76 8.71 19 244
7 20 20 77 6,09 19 245
8 20 30 77 5.97 19 246
6/22/67 1 80 20 79 12,12 15 247
2 80 45 79 15.22 12 248
3 80 60 79 17.22 14 249
4 40 20 80 17423 9 250
5 40 45 80 12,65 4 251
6 40 75 80 18.59 6 252
6/23/67 1 40 60 77 11.74 16 253
/23/ 2 40 75 77 10,09 13 254
3 40 90 78 13.58 14 255
4 80 75 78 17.84 6 256
5 80 90 79 14474 5 257
6 80 120 79 20,08 4 258
7 60 20 73 9.99 19 259
8 60 60 79 10.72 16 260
9 60 75 79 14433 13 261
10 20 20 80 754 19 262
11 20 30 79 8,94 19 263
12 20 60 80 10.69 15 264
13 60 120 80 22.39 5 265
14 60 180 81 33.81 3 266
15 60 180 81 26441 2 267
16 60 20 81 9.50 15 268
17 60 75 81 19.10 14 269
18 60 120 81 27.06 7 270
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6/24/67

1 20 120 80 17.14 6 271
2 20 180 80 37.90 7 272

3 20 180 80 35,16 6 273

4 40 20 82 9.88 15 274

5 40 60 81 12.28 12 275

6 40 75 82 13.39 9 276

6/26/67 1 80 20 74 8.84 19 2717
2 80 74 12413 13 278

3 80 120 74 19.23 10 279

4 80 75 75 12.26 13 280

5 80 90 75 12.11 15 281

6 80 120 75 18.49 19 282

7 20 20 76 7.92 19 283

8 40 90 76 14447 19 284

9 20 120 76 14,01 19 285

10 20 20 76 6477 17 286

11 20 60 76 8.82 18 287

12 20 75 76 11,18 18 288

6/27/67 1 40 20 79 11.34 19 289
2 40 60 80 12.55 290

3 60 75 80 18.89 11 291

4 60 20 80 11.86 19 292

5 20 60 80 13.48 13 293

6 60 75 80 14.18 12 294

6/28/67 1 80 20 78 12.88 7 295
2 80 90 78 14.86 3 296

3 20 120 78 15.50 4 297



APPENDIX B

REPRESENTATIVE STRESS VERSUS STRAIN CURVES
OF EIGHT CP-ST COMBINATICNS

CP ST
(psi) (minutes)

20 20 (Figure B.1)
60 30 (Figure B.2)
20 45 (Figure B.3)
60 60 (Figure B.4)
20 75 (Figure B.5)
20 | 90 (Figure B.6)
60 120 (Figure B.7)
20 180 (Figure B.8)

Figures B.1, B.2, B.3, and B.5H are examples of CP-ST
combinations where no individual tests were eliminated.
Pigures B.4, B.7 and B.8 all have one test eliminated because
these tests were greater than the average deviator stress
plus two standard deviations. Figure B.6 shows an example
of a combination which had a test rejected because of im-
proper testing technique. In this plot, test number 34
was disregarded because the proving ring Was not in ¢lose
contact with the triaxial piston. This resulted in a

stress~strain curve which gave virtually no rige in stress
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for the initial values of strain. On the plots the point

of failure for each test 1s denoted by a point.
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Figure B.1. Stress Versus Strain (CP = 20 PSI,

ST = 20 MIN)
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Figure B.2. Stress Versus Strain (CP = 60 PSI,
T ST = 30 MIN)



STRESS(PSt)

40

35

30

25

20

CONFINING PRESSURE = 20 PSI
SET TIME = 45 MINUTES
—— SELECTED TESTS

STRAIN (%)

Pigure B.3. Stress Versus Strain (CP = 20 PSI,
ST = 45 MIN)
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STRESS (PSI)
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Figure B.5. .Stress Versus Strain (CP = 20 PSI,
: 8T = 75 MIN)
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Pigure B.6. Stress Versus Strain (CP = 20 PSI,
ST = 90 MIN)
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Figure B.8. Stress Versus Strain (CP = 20 PSI,
ST = 180 MIN)
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APPENDIX C

FLOW CHART SUMMARY OF COMPUTER PROGRAMS
USED IN THE CALCULATIONS

PROGRAM I (Pigure C.1) —~—-Computation of deviator stress and
associated strain for each individual test (see

Appendix A).

PROGRAM II (Figure C.2) —Computer plot of the stress-—strain
relationship for each test with all tests of the same

CP-ST combination on one plot (see Appendix B).

PROGRAM III (Figure C.3) —Computation of the average,
standard deviation, and coefficient of variation of
the deviator stress values in each combination. Check
on the two standard deviation limit and ommission of
tests. After which the average, standard deviation,
and coefficient of variation are recomputed and an

80 per cent C. I. set for the combination.

PROGRAM IV (Pigure C.4) —Computation of a 90 per cent
confidence interval band on the linear regression line
using all values at a particular confining pressure

except those with a set time of 180 minutes.

PROGRAM V (Figure C.5) —Computation of lateral pressures
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of concrete by the new method using the results of
the triaxial tests. Also the evaluation of pressures

using CERA and ACI formulas.

Figure .6 ——Description of flow chart symbols.
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Figure C.1. Flow Chart for Program I
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APPENDIX D

CORRECTIONS FOR DEVIATOR STRESS RESULTS

In calculating the deviator stress values in Chapter II

three assumptions were made. These were

Assumption 1 — As the sample deformed, the cross-

sectional area remained uniform throughout the height.

Assumption 2 - The concrete sample did not slump

after the compaction mold was removed until the time

of testing.

Assumption 3 — The membrane influence did not con-

tribute to the total strength of the specimen.

If one would prefer not to make these assumptions a.
method to correct for each of them follows.

Assumption 1 — Although a uniform area assumption is

common in soil testing (ASTM(23)) the actual area is slightly
larger in the center than at the ends. Because of fhis, the
area which is used at the critical section through the

center underestimates the actual area. This area in turn
overestimates the actual deviator stress. This is particu-
larly true if large deformations are encountered. Another
possibility would be if the concrete sample fook the form

of two frustums of a cone adjacent to each other with a
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common base (see Pigure D.1).

C
T
0
_ ¥
|
l b,
/ \ L////Orlglnal Shape
] | . Frustrum Shape
! I Critical Section

—Uniform Shape

I —_

Actual Shape

Fligure D.1. Deformation Patterns in the Concrete
Sample During Triaxigl Testing

With a uniform area (Au) throughout and constant
volume the area for any axial strain (e¢) in terms of the

original area (AO) is

Ay = 70 - (D~1)

With two frusitums and constant volume the area at the
center for any axial strain (¢) in terms of the original

area (AO) is

A }
hop = 5oy 5+ ¢ -0/ - 6o - 37 . (D-2)
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It was assumed in determining this correction that the
uniform area was more representative thus the corrected
area (AC) was calculated with the following formula,

oA+ A
_ u 2F

Corrections for the deviator stresses (CDSA) were then

calculdted with

Bo - By

CDSA = =34 x 100 . (D-4)
6]

FPormuwlas D=1, D-2, D=3 and D~4 were evaluated for strains
of 5, 10, 15 and 20 per cent and the results are shown in

the following table;

Strain A, Aop A, CDSA
% x A x A, x Ay %
0 1.00 1.00 1,00 0
5 1.05 1.10 1.07 2
10 1011 1.22 1.15 3.5
15 1.18 1435 1.24 4.5
6.0

20 1.25 1.50 1.33

Assumptibn 2 — The slump which occurred in the concrete

sample after removing the compaction mold and prior to
commencement of testing was assumed negligible. However,
8 value was indirectly obtained for the actual slump (S)at

each set time. Assuming that this slump maintained a uniform
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area, the following formula for the area resulted,
h A
070
AS = Tl"—"":."——s" o (D"’5)
o
Corrections for the deviator stresses (CDSS8) were then

calculated with

CDSS = ¢ x 100 . (D-6)

0
With these two formulas and the observed slump values AS and
CDSS were calculated for each set time. The results are

summarized in the following tablé;

Set Time ~ Slump - Ag CDSS
min.ﬁ in. x A, %
20 0.46  1.08 8
30 0.43 1.07 7
45 0.38 1.06 6
60 0.32 1,05 5
75 0.30 1.05 5
90 0.22 1.04 4
120 0.18 1.03 3
180 0.06 1.01 o
Assumption 3 = The effect the membrane has on the

deviator stress is uncertain. Most inveétigators ignore
its effect. Gilbert and Henkel (28) performed a number
of tests to evaluate the strength contributed by the membrane.

They reported that the strength was dependent ohly on the
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thickness of the membrane and the strain at failure and not
on the confining pressure and strength of the specimen.
Using their results the corrections for each set time would

be

Set Time Average Strength CDSM
: Deviator  Reduction

Stress
min. PSI PST %
20 9.0 1.0 11
30 10.0 . 1.0 10
45 11.0 0.9 8
60 13.0 0.8 6
75 14.0 0.7 5
90 15.0 0.6 &
120 18,0 0.5 3

180 30.0 0.4 1
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