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ABSTRACT

The objective of this investigation was to determine the variation
of lateral pressure of fresh placed concrete with power of vibrator, im-
mersed depth of vibrator, duration of vibration and concrete temperature,
keeping concrete strength, slump, rate of pour and form dimensions con-
stant. The lateral concrete pressure envelopes and maximum design pres-
sure were also compared with those recommended by ACI Committee 347

and CIRIA.

Experimental tests were conducted by pouring concrete from a

ready-mix concrete truck into a 15 feet deep rigid steel formwork.

Cambridge cells were used to measure the normal and shear
pressures at five locations over the height of the form structure. Strain
gauges installed over the webs of the cells were connected to the strain

indicator to measure the strain induced by concrete pressure.

By analysis of the experimental results, following conclusions
were obtained:

The actual pressure envelope is characterized by a linear
relationship of pressure with depth tending to hydrostatic up to a certain
maximum value and then followed by a parabolic curve reaching a maximum
and eventually decreasing. For design purposes the lateral pressure dis-
tribution of freshly poured vibrated concrete can be represented by a bi-
linear curve - hydrostatic up to maximum and then constant at maximum
value,

The shear force acting parallel to the height of the formwork,

is inversely related to the normal force acting on the face of the form.
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Vibration and its parameters have a very significant effect on
the magnitude of the lateral pressure exerted by fresh concrete. An in-
Crease in the power of vibrator from 1 H.P. to 2.5 H.P. increased the
Pressure of concrete equivalent to 2 to 5 feet of concrete head in dif-
ferent tests. An increase in the duration of vibration increases the
lateral pressure of concrete but this factor is effective only up to a
certain limit after which any further increase in the duration of vibration
results into either a constant value of maximum pressure or a drop in
pressure. An increase in the depth of immersion of vibrator head increased
the lateral pressure of concrete] the increase measured varied by an
average of 1.28 ft of equivalent concrete head, due to an increase in the depth

of immersion of vibrator head from 2 feet to 1 metre.

The temperature of the concrete has a significant effect on the
lateral pressure of concrete. A major fall in temperature gives rise to

a significant increase in lateral pressure exerted by the concrete.

The pressure formulae recommended by the American Concrete
Institute in ACI 347-68, are over conservative in respect of high

rates of pour.

The recommendations to determine the lateral pressure of concrete
provided by CIRIA are influenced predominantly by the arching limit cri-
teria and the recommended design pressures provided could be useful at
moderate concrete temperature conditions but cannot be applied for con-
crete at low temperatures. CIRIA's stiffening criteria is conservative

and provides pressures.which are significantly high.
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CHAPTER 1

INTRODUCTION

Concrete due to its low cost, high structural strength,
inertness to chemical attack, high fire resistance and ease with
which massive elements of complex shapes can be formed has become the
major structural material used in Civil Engineering. In order to make
the best use of concrete in engineering, considering structural,
architectural and economic aspects, the various mechanical and chemical
properties of concrete have been under investigation for many years.
But one of the properties of concrete which has been particularly per-
plexing is its physical behaviour between the time of mixing and the
time the cement paste has attained its final set. During this time
the physical properties of the concrete change from a plastic condi-
tion to a solid state. 1If the concrete in its plastic state is poured
into a container or form, it will flow to the shape of the form. The
cost of formwork has been estimated to vary from thirty to sixty percent
of the total cost of concrete work in a construction. Forms are basically
the tools and dies of concrete construction, they mould the concrete to
the desired size and shape and control its position and alignment. But
formwork is more than a mould, it is a temporary structure that supports
its own weight and that of the freshly placed concrete as well as con-
struction live loads including materials, equipment and workmen. Hence
the form builder must be concerned with more than simply making forms

the right size, his objective must be three fold; to build substantially



so that the formwork is capable of supporting all dead and live loads
without collapse or danger to workmen and to the concrete structure, to
design and build forms accurately so that the desired size, shape, posi-
tion and finish of the cast concrete is attained, and to build efficiently,

saving time and money for the contractor and owner alike.

In order to achieve the above objectives in the design of form-
work it is essential to have as complete a knowledge as possible of the
properties and physical behaviour of concrete as a material, between the
time of mixing and the time that it has obtained its final form. The
lateral pressure exerted by concrete in its liquid or plastic state is

the property which controls formwork design for vertical faces.

When concrete is first mixed, it has properties 1lying between
those of a liquid and those of solid substance. With the passage of
time, concrete loses its plasticity and changes into a solid. The ability
to change from a semiliquid to a solid state appears to be the result of
setting of the cement which is considered to begin some 30 minutes after
addition of water but this seems to be an arbitrary estimation. However
slowly the process of setting may begin, it must commence as soon as the
cement comes into contact with water. This phenomenum results in the
development of shear strength of the'concrete which is a function of
time and is contributed to by the angle of internal friction, cohesion
and interlocking between the particles. The magnitude of the internal
friction is higher in a dry concrete than in wet, and it increases with

the loss of water from a concrete mass.

ACI Committee 622 in its report on Pressures on Formwork (5)



surmised that the lateral pressure of freshly mixed concrete on formwork
is at least a function of the following:
1. Depth of placement
2, Rate of pour of concrete
3. Temperature of the concrete mix
4. Ambient temperature
5. Method of compacting the concrete
6. Weight of concrete
7- Consistency of concrete
8. Maximum aggregate size
9. Smoothness and permeability of forms
10. Cross section of forms
11. Placing procedures
12. Porewater pressure

13. Type of cement

Many of the above variables are interrelated and it should be
very difficult and time consuming to identify their individual effects
on the lateral pressure of concrete and their participation in the

design formulae.

Previous research, generally field tests on actual construction
sites, lead the investigators to conclude that the lateral pressure of
concrete on vertical form faces is hydrostatic to a certain depth from
the pouring surface, and after a certain depth it deviates from the
hydrostatic line, reaches a maximum and thereafter shows a measurable
reduction in spite of increase in concrete head. The depth of the

region, which behaves as a fluid, and the maximum pressure achieved is



believed to be dependent on the above stated parameters. Figure 1.1
presented by Ritchie (16) shows typical envelopes of lateral pressure

of concrete.

To understand more fully the phenomenum involved it is
necessary to consider the pouring sequence in detail. Consider a wall
form 5 metres in depth to be filled with concrete in lifts of 1 metre
each and to be vibrated with an internal vibrator immersed to a depth
of 1 metre; Figure 1.2 shows in detail the sequence of pouring, vibrating,

raising the vibrator, pouring the next 1lift, etc.

Figure 1.2a shows the first metre of concrete placed and the
vibrator immersed over the whole depth of the concrete. The resulting
lateral pressure is hydrostatic as the vibrator completely fluidizes
the concrete removing all shear strength and wall friction. In the
second stage illustrated in Figure 1.2b the second metre of concrete is
placed and the vibrator immersed into the top 1 metre mass of concrete,

and the lateral pressure continues to be hydrostatic.

Figure 1.2c shows the third metre of concrete placed and only
the top 1 metre of the concrete vibrated. The resulting lateral pressure
is hydrostatic in the top section of the form, but it is observed to

slightly deviate from the hydrostatic line at the bottom.

Figure 1.2d illustrates the fourth metre of concrete placed,
and the vibrator immersed into the top 1 metre of the concrete mass.
The lateral pressure is hydrostatic to a certain depth, when it starts
deviating from the hydrostatic time and after achieving a maximum pressure,

shows a prominent reduction in pressure. This phenomenum, observed in



Figures 1.2c¢c and 1.2d can be attributed to the friction between the
surface of the form and the concrete and the development of shearing

strength in concrete.

Figure l.2e shows the fifth metre of concrete poured, with
the vibrator immersed to the top 1 metre. The lateral pressure deviates
from the hydrostatic line and after achieving a maximum value shows a
significant drop in pressure, this unexpected drop in pressure is due

to the shrinkage in concrete.

Generally, the lateral pressure envelope is idealized as a
bi-linear curve initially hydrostatic and thereafter constant at the
maximum value. The magnitude of the maximum pressure is dependent upon
the depth of concrete fluidized, the gain in shear strength and wall

friction on the concrete below the vibrated layer.

The depth of fluidized concrete is dependent upon the immersed
depth of the vibrator, power of the vibrator, duration of vibration,
width of section and depth of influence of the vibrator which is
dependent upon the gain of shear strength and wall friction in the
concrete below the head of the vibrator. Rate of pour (time) and
temperature are important to the extent that they control the gain of

shear strength of the concrete.

Shear strength is a function of head of concrete, time (rate
of pour), temperature, mix proportions, mix consistency, additives used
and the rigidity of the formwork. The more flexible the formwork, the
more the concrete can strain laterally and develop shear strength.
Hence the considerations controlling lateral pressure given by ACI can

be regrouped to reflect these two ideas.



Shear Strength

Depth of placement

Time (rate of pour) from the start of pour
Temperature of concrete mix and ambient temperature
Mix proportions and maximum aggregate size

Mix consistency

Type of cement

Smoothness and permeability of form

Porewater pressure

Fluidized Depth of Concrete

9.

10.

11.

12,

13.

14.

Power of vibrator

Immersed depth of vibrator
Duration of wvibration

Depth of influence of vibration
Cross section of the form

Shear strength of concrete



CHAPTER 2

THEORETICAL BACKGROUND AND HISTORICAL REVIEW

2.1 One of the first reports, concerned with the lateral pressure
of fresh concrete, was published in 1894 by McCullough as quoted by
Leung (10). Since 1894 many investigators from various countries reported
their observations on this particular topic in the technical press. 1In
1952 Rodin collected together and critically reviewed the then published
experimental data on the lateral pressure of fresh concrete against ver-
tical forms, and discussed the various factors that affect this lateral
pressure (17).

In this section only the conclusions and recommendations of
Rodin and the investigations carried out subsequently will be discussed
as being relevant and covering all the necessary information available
to-date.
2.2 Rodin (17), in 1952, presented a review of the published
experimental data on the lateral pressure of concrete against forms, dis-
cussed the various factors that effect the lateral pressure and gave a
rational explanation of the physical phenomena causing the type of pressure
found in practice. Rodin deduced that the factors directly influencing
the lateral pressure of concrete on formwork were as follows:

1. Rate of filling the forms

2. Method of placing the concrete, whether by hand or
mechanical vibration

3. Consistency and proportions of the mix

4, Temperature of the concrete



5. Rate of setting of the concrete

6. Size and shape of the form.

Rodin, after study of the available data, concluded that the
following physical factors determine the general shape of the pressure
distribution against the form:

a) The degree of the arching action of the aggregate.

b) The rate of hardening of the cement mortar, and the setting shrink-
age of the cement.

c) The relative rigidity of the formwork.

d) the method of placing the concrete.

The greater the degree of the above factors, the more the
pressure distribution will tend to deviate from the equivalent hydrostatic

pressure of a fluid having the same density as the concrete.

Rod#n observed that the principal factors and concrete
characteristics affecting the values of maximum pressure Bm and the head

of concrete Hm at maximum pressure are:

a) Rate of Filling the Forms: As the rate of pour increases both Pm and

Hm increase at a decreasing rate, indicating that at low rates of pour

the hardening of the cement has a more important effect than the arching
action and conversely at high rates of pour. The time required to reach
Pm ranges from about 2 hours for rates of pour of 2 to 3 feet per hour

to less than 30 minutes for rates of pour of more than 20 feet per hour.
Figures 2.1, 2.2 and 2.3 give the relations between the rate of pour and
the maximum recorded pressure, the head of concrete at maximum pressure,

and the time required to reach the maximum pressure; these results are



based on experimental data deduced from tests conducted on 1:2:4 con-

crete at a temperature of 70°F,

The following general equations were considered satisfactory

by Rodin for designing forms for a 1:2:4 mix, at a temperature of about

70°F.
Pm = 110* Hm 1b per square foot, for hand placed concrete 2.1
= 150* H 1b per square foot, for internally vibrated
concrete 2,2
H = 3.6 RM3 feet, 2.3

where R denotes rate of pour in feet per hour.

Where external vibrators are used the full depth of concrete
is in agitation and appears to act as a fluid, so that the forms should
be designed for the full hydrostatic pressure of a liquid having the

same density as the concrete.

However, where internal vibrators are used, it is normal
practice to insert the vibrator #nto only the top 2 feet or so of the
concrete, and as the height of the pour increases, it seems reasonable
to assume that only the mass of concrete in the upper few feet will be
affected by the vibration sufficiently to produce a full fluid pressure.
Below this depth, it might be expected that the concrete will behave

in a manner similar to hand placed concrete.

Thus it is considered satisfactory to assume a behaviour
similar to that of hand placed concrete, in that the concrete pressure

increases to a maximum value at a head given by equation 2.3, but

*unit weight of concrete is 150 1bs/ft3 in Imperial units. Vibration
is only considered to the extent that the effective density is increased
from 100 1bs/ft3 to 150 1bs/ft3.
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assuming a full hydrostatic pressure to this depth. This is given by

equation 2.2 and shown in Figure 2.1,

b) Proportions of Concrete Mix: The richer the mix the greater is the

value of maximum lateral pressure of concrete, possibly because of the
increasing lubricating action of the cement and hence a decreasing

arching action. This is summarized in the results plotted in Figure 2.3b.

c) Consistency of the Concrete: It is expected that, for a particular

mix, the higher the water/cement ratio, or slump, the smaller would be
the deviation of the pressure from a hydrostatic distribution, resultfing
from the increased fluidity of the concrete. The results available are

plotted in Figure 2,3c.

d) Temperature of the Concrete: The pressure seems to rise significantly

with a decrease in temperature. The limited data available in this

respect is illustrated in Figure 2.3d.

e) Size and Shape of the Form: It is assumed that the smaller the width

of the form, the greater would be the arching action, which will reduce

the lateral pressure. No correction curve was presented for this factor.

Rodin suggested use of the pressure diagram shown in Figure 2.4,
which provides maximum pressure, depth of fluid region of concrete and
the resultant reduced pressure. Figures 2.3b, 2.3c and 2.3d suggest the
percentage corrections to be made for type of mix, slump and temperature;

but the accuracy of these results is in doubt.
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2.3. R. Schjodt (18), using the concepts of soil mechanics, developed
mathematical relations for the calculation of the pressure of concrete on
forms. The factors considered in these derivations are the setting time,
consistency and density of concrete; the smoothness, permeability and
cross—-section of the form; rate of pour and the depths to which the

vibration penetrates.

Schjodt considered the fresh concrete, when compacted by vibra-
tion, to behave as a liquid and the pressure curve always to begin
tangential to the line of hydrostatic pressure. As soon as the concrete
is left alone, it developes cohesion and friction. With time this co-
hesion in the concrete will increase but here this phenomenum has been

assumed of theoretical importance and of little practical significance.

Schjodt stated that the angle of internal friction will have
a relatively small value to begin with, but will increase during setting

to a maximum value of 90°. This assumption is obviously not correct.

Schjodt in his study of the pressure of concrete gave con-
siderable importance to the porewater pressure, which is part of the
total pressure against the form, but this is difficult to estimate due

to leakage from the form and adsorption of water into the cement gel.
Schjodt developed equations for two different sets of
assumptions.
2.3.1 Pressure Without Friction Between the Concrete and the Forms

Te lateral pressure of concrete, below the depth of the effect
of vibration, was derived using earth pressure theories and assuming

rapid internal drainage,
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P = [ylh; +h) -y b 1A, + vy R
=[(v - v A + v KI(h) + h) 2.4

where hW = K(hl+h) is the porewater pressure, and K is a coefficient

giving the porewater pressure as a function of the height of concrete.

Y is the unit weight of the mix, Yo unit weight of water and
hl the depth to which the effect of vibration penetrates, h is the dis-

tance from this level to the point where the pressure is to be calculated.

The coefficient Al is a function of the stiffness of the con-
crete and varies with time. Here in order to take into account the

setting, Al is written as

2 h h
Al = tan” (45-¢/2)(1 - E;O = x(1 - E;) 2.5

where A= tan2(45—¢/2) is the active lateral pressure coefficient
for a cohesionless mass and hS is the height to which the concrete has
risen when it has taken the final set, counting from the depth hl'
@ is the angle of internal friction of the concrete after

it is left unvibrated.

Mksuming slow internal drainage, equation 2.4 can be written
as
P=(y -y )(h; + W)X, + v B 2.6
If the concrete rises at the speed V in the forms, then

s s

where tS is the setting time., Equation 2.4 can be written as
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P= [ -v K A -5 4y Rl + 1) 2.8
S

The maximum value of the pressure is given as

h Yy K h h h

e (YA Ly, O 0, , _L S . L K_o
P =1 2(1+E;o+ 5—(1-A=A hS)][hl + —(1 h_ + 3 Y_YOK] 2.9

the depth of this pressure from the surface is given by the relation

h h Y
_ _S _ 1 K _vo
Hm =3 [(1 ™ ) + 3 ;:;;E] 2.10
If it is assumed that h1 =K=0and A =1
then
_1
Pm =37 Yhs 2.11

Schjodt in his use of the lateral pressure coefficients
assumed the concrete mass to fail which is far from reality, and not

applicable.

2.3.2 Pressure with Exterior Friction

In narrow walls and in columns especially when the forms have
the rough surface of ordinary form boards, the friction of the concrete

against the forms has a significant influence and cannot be neglected.

In order to find an expression for the pressure in this case,

the equilibrium of a horizontal section of the concrete below hl’

shown in Figures 2.5 and 2.6 must be considered.

%
dPVF =y, Fdh - P, U dh tan¢1 2,12

1 1

where P1 is a horizontal pressure, not counting the porewater pressure

Y1 T Y - YK



- 14 -

where Y is the unit weight of mix, Yo of water and K is a coefficient

giving the porewater pressure as a function of the height of concrete.

F is the concrete area in a horizontal section and U is the

circumference.

¢1 is the angle of friction between the concrete and the

formwork.

It should be noted that the angle of wall friction actually

developed is indeterminate and less than the limiting value.

E-can be represented by R.

U
then de oy - tan¢lP1
dh 1 R
Py
and 7 ratio between horizontal and vertical pressure = A(l—h/hs)
v
Equation 2.13 is written as
dp
vV_., -2, -b
Rt £ Wl - Rl L
h s

With a = Atan¢1 hS/R.

From equation 2.15, using Pv = Ylhl for h = 0 the constant
can be determined

P = yl(Ah1 + khs)

v
Here
h h
o1
A=c¢e s s
a
a/2(1 - 292 '3
k = e h, 2 -h?
y = e dh
a v
! h
a
/= @ - o )

2.13

2.14

2.15

2.16
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The numerical values of A and K are plotted in Figure 2.7 and Figure 2.8,
respectively. The pressure against the forms is calculated from equations

2.14 and 2.16, and the porewater pressure added

la)
I

h
ka(l - E;) + YOK(h1 + h)

h
Yl(Ahl + Khs)(l - E;) + yok(hl + h) 2.17

If ¢1 is small, or if the wall is thick so that R is great, "a" will
have a small value, then A & 1 and K & %— and equation 2.17 will be

S
identical to equation 2.8.

2.4 ACI Committee 622 (Redesignated Committee 347) (8) was
organized in 1955 to improve the safety and quality of formwork for
concrete construction. With the basic goal of developing specifications
for the design and construction of formwork, the Committee reviewed
existing test reports and design formulae developed since the nineteenth

century.

The Committee after studying all the variables affecting the
lateral pressure of concrete concluded that the following variables
affect the lateral pressure of concrete after placement in forms:

1. Rate of placement

2. Consistency of concrete

3. Weight of concrete

4., Maximum aggregate size

‘5. Temperature of concrete mix

6. Ambient temperature



- 16 -~

7. Smoothness and permeability of form
8. Cross section of forms

9. Effect of consolidation by vibration
10. Placing procedures

11. Porewater pressure

. Type of cement

13. Depth of placement.

The following general relation was produced by ACI Committee
622 for form design (8), taking into account the variables of tempera-
ture of the concrete.and rate of pour when compacted by internal
vibration
C2R

= —— 1
Pm Cl(l + T ) 2.18

where C1 is a function of the unit weight of mix and C2 is some function
of the consistency of the concrete. Pm is the maximum lateral pressure
in psf, R is the rate of pour in feet per hour, and T is the temperature

of the concrete in degrees Fahrenheit.

Assuming the unit weight of concrete mix as 150 1bs/ft3, the

Committee proposed the following formula for columns

_ 9000 R
P =150 + ——— 2.19

maximum 3000 psf or 150 h, whichever is less.

For walls the following relations were recommended
a) With rate of placement controlled and less than 7 ft/hr

_ 9000 R
P =150 + = psf 2.20
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with a maximum of 2000 psf or 150 h whichever is less.

b) With rate of placement greater than 7 ft/hr

43%400 + 2803 R psf 2,21

P =150 +
m

[150 h or 2000 psf which ever is less].

Where h represents the height of wall.

Table 2.1 gives the maximum lateral pressure of concrete
for design of wall forms based on ACI Committee 347 pressure formulae

2.20 and 2.21.

Table 2.2 gives the maximum lateral pressure of concrete for

design of column forms based on ACI Committee 347 pressure formula 2.19.

2.5 Ritchie (16), experimentally investigated the effects of rate
of pour, mode of compaction, workability of the concrete and the size of
the form, on the shape of the pressure envelope and the maximum pressure

exerted on the formwork.

2.5.1 Rate of Pour

Four rates of pour were used, namely 4, 10, 20 and 70 ft per
hour; the results are given in Figures 2.9 and 2.10 for both 1:3 and
1:6 mixes compacted by internal vibration. Both mixes show a rapid
initial increase in pressure with rate of pour which then levels off
considerably at higher rates. It was noticed that there was a wide

difference between the results for the 1:6 mix and the 1:3 mix.

2.5.2 Method of Compaction

Due to the marked difference in behaviour recorded between
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TABLE 2,1 Maximum Lateral Pressure of Concrete on Wall
Forms Recommended by ACI Committee

P, maximum lateral pressure
Rate of Placement psf, for temperature indicated

R, ft per hr 90°F  80°F  70°F  60°F  50°F  40°F

1 250 262 278 300 330 375
2 350 375 407 450 510 600
3 450 488 536 600 690 825
4 550 600 664 750 870 1050
5 650 712 793 900 1050 1275
6 750 825 921 1050 1230 1500
7 850 938 1050 1200 1410 1725
8 881 973 1090 1246 1466 1795
9 912 1008 1130 1293 1522 1865
10 943 1043 1170 1340 1578 1935
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TABLE 2.2 Maximum Lateral Pressure of Concrete on Column

Forms Recommended by ACI Committee 347.

Rate of

Placement
R, ft per hr

P, maximum lateral pressure,

psf, for temperature indicated

90°F 80°F 70°F 60°F 50°F 40°F

1 250 262 278 300 330 375
2 350 375 407 450 510 600
3 450 488 536 600 690 825
4 550 600 664 750 870 1050
5 650 712 793 900 1050 1275
6 750 825 921 1050 1230 1500
7 850 938 1050 1200 1410 1725
8 950 1050 1178 1350 1590 1950
9 1050 1163 1307 1500 1770 2175
10 1150 1275 1436 1650 1950 2400
11 1250 1388 1564 1800 2130 2625

12 1350 1500 1693 1950 2310 2850

13 1450 1613 1822 2100 2490 3000

14 1550 1725 1950 2250 2670

16 1750 1950 2207 2550 3000

18 1950 2175 2464 2850

20 2150 2400 2721 3000

22 2350 2625 2979

24 2550 2850 3000

26 2750 3000 3000 psf maximum governs

28 2950

30 3000
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the 1:3 and 1:6 mixes, both mixes were studied to determine the relative
effects of compaction by hand and by mechanical vibration. The results
are shown in Figures 2.11 and 2.12., In both cases the maximum pressure
developed was greater with vibrated compaction, but the average per-
centage increase for the two mixes was quite different. Although the
mixes had nominally the same workability, the lean (1:6) mix was more
influenced by the effects of vibration. The pressure developed in this
case increased by an average of 56 percent compared with only 10 percent
for the rich (1:3) mix. The corresponding increase in pressure predicted

by Rodin for a 1:2:4 mix was 36 percent.

It was observed that the head of concrete at maximum pressure
tended to increase as the pressure itself was increased with vibration.
Ritchie noted that with both the 1:3 and 1:6 mixes, when compacted by
hand, the batches with low workability gave slightly higher pressures
than those with high workability: This he considered to be due to the

wedging action of the aggregate particles, when they were compacted by

hand ramming, as opposed to the floating action produced by mechanical

vibration.

2.5.3 Formwork

To determine the effect of size of the formwork on the maximum
lateral pressure of concrete, the maximum pressures were recorded with
column sizes of 6 in. x 6 in. and 10 in. x 10 in. Concrete placed in the
10 in. x 10 in. formwork gave an increase of 26 percent in lateral pres-
sure as compared to the 6 in. x 6 in. form. The comparison of different

column sizes is given in Figure 2.13. Ritchie commented that the results



- 21 -

obtained with formwork of 24 in. x 96 in. cross-section, with heavy
vibration, agreed almost exactly with Rodin's theoretical estimate for
Pm and Hm. The maximum pressure developed was 268 percent greater than

that for the original column of 6 in. x 6 in. section.

2.5.4 Properties of the Concrete Mix
a) Richness of the Mix
The comparison between 1:3 and 1:6 mixes is shown in Figure 2.14.
It was observed that the richer mix gave the higher pressure. The per-
centage increase in pressure was 91 percent at 10 ft per hour and 38 per-
cent at 20 ft per hr or an average correction factor of 165 percent for
the richer mix. This corresponded to Rodin's 136 percent increase in

pressure for a 1:1:2 mix over the basic 1:2:4 mix.

b) Workability

The lateral pressure of concrete was observed to increase with
workability as shown in Figures 2.15a and 2.15b. However, there was a
significant difference between the 1:3 and 1:6 mixes as illustrated in

Figures 2,11, 2,12 and 2.15a and 2.15b,

2.6 The Civil Engineering Research Association (Now called CIRIA -
Construction Industry Research and Information Association) (9) sponsored
a large scale field investigation on the lateral pressure of concrete on
formwork by making over 200 pressure measurements under actual industrial
conditions in England during 1961-1962. The results were published as a
research report in 1965.

The range of conditions covered by this series of tests was

considerable. Concrete temperatures were observed as low as 38° to over
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90°F, rates of placing varied from 1 ft/hour to 120 ft/hour, sections
varied in minimum dimensions from 5 inch to 8 ft, heights of pour were
normally not less than 10 ft and a few were in excess of 20 ft. Internal
vibration was invariably used but external vibration was sometimes employed
in addition. Maximum sizes of aggregate varied up to 1-1/2 inch with

slumps from 0 to 6 inch.

The authors concluded from a preliminary investigation that
fresh concrete behaves almost as a liquid under the mobilizing influence
of vibration, the pressure generated being simply the product of density
and head. Deviation of the pressure curve from the equivalent hydrostatic
condition occurs in consequence of two factors - stiffening of the concrete

and arching effects.

2.6.1 Stiffening of concrete was defined as the progressive in-
crease in resistance of the concrete to mobilization, which is partly due
to chemical changes in the cement matrix but is also dependent upon the
degree of mechanical interlocking between aggregate particles. As
stiffening developes, the concrete becomes capable of supporting additional
surcharge without increase in lateral pressure; this phenomenon was
assumed to be related to the rate of increase of shear strength of the

fresh concrete.

2.6.2 Arching effects - Kinnear et o1 considered that in all sections,
the vertical load at any horizontal section is reduced by frictional forces
developed between the concrete and the form faces. These frictional
forces assume particular importance in narrow sections where the sur-

charge volume is comparatively small. This effect has been termed
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arching and is dependent on the minimum dimensions of the section, the
profile and slope of the form surface, and the variation of the co-
efficient of friction between the concrete and the form faces. It was
also concluded that the arching limit increased with higher rate of

placing, and could be represented by the equation

P =300" + 50d + 20R 2.22

where d is the minimum dimension of form in inches.

2.6.3 CIRIA after preliminary study of the test results, concluded
that five influencing variables were of particular importance and
classified the test results according to the magnitude of these variables.

The subdivisions adopted were:

1. Concrete Temperature - °F
A B C D E F G
<40 40-50 50-60 60-70 70-80 80-90 >90
2. Rate of Placement - R ft/hour
A B C D E F G H
1-2 2-3 3-5 5-8 8-12 12-20 20-30 >30
3. Minimum Dimension - d inches

A B c D E
<6 6-12 12-18 18-24 >24

4. Workabiltiy

A B C
Stiff Normal Highly Workable

The above classification of workability is further explained

in terms of slump.
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Workability Ranges

Stiff Normal Highly Workable
Slump 0-1 1-2-1/2 2-1/2-5
(inches)
5. Vibration
A B C
Low Intermittent Continuous

This classification did not give a very clear division hence an appro-
priate division was made in terms of continuity of vibration expressed
as a percentage of total placing time

Low Intermittent Continuous

10-40% 40-70% 70-1007%

Each of the above results were then coded for rapid identification with

a five letter symbol representing each of the above divisions, e.g., a
result with the Index CDACB represented a test when the concrete tempera-
ture lay between 50 and 60°F, placing continued at a rate of 5-8 ft/hour
in a wall up to 6 inches wide using a highly workable concrete vibrated

intermittently.

2.6.4 Stiffening Time of Concrete
The stiffening time t .y DAy be defined (7) as the time at
which maximum pressure occurs. It must be stated here that this definition
of time is more realistic than the more usual set times as defined in
ASTM C191-70. This time should be dependent on the concrete temperature
and on the workability of the concrete. The derived relationship between

the stiffening time and temperature of the concrete is given in Figure 2.16.
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2.6.5 The Shape of the Pressure Curve

CIRIA gave the following relation for the pressure curve

p = ARt 2.23

1+ cE—u4
t )
max

where P = pressure lb/ft2

A = density of the concrete (1b/ft3)
R = rate of placing (ft/hour)
t = time from commencement of placing (hours)
tmaX = stiffening time of the concrete (hours), Figure 2.16

C = factor depending upon the workability of the concrete and
the continuity of vibration

Empirical values of C are given in Figure 2.17 and were derived directly
from the experimental results. A correction to the above equation was
introduced to account for the withdrawal of the source of vibration
which normally occurs with very high rates of placing. The correction
12(8-R) has the effect of adding small pressures at R < 8 and subtracting

comparatively large pressures at R > 8. The final equation is

P = ARt + 12(8-R) 2.24

t 4
1+ C(t

)

max
CIRIA recommended an additional pressure of 200 psf to allow for impact

surcharge due to pouring of concrete from heights.

2.6.6 Pressure Design Chart

CIRIA developed a chart from the test results to provide a guide

to determine the design pressure for formworks, this is presented in
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Figure 2.18. The radial lines represent rates of placing R from 1 ft/hr
to 50 ft/hr, while the full spiral lines represent different temperatures
of concrete from 40°F to 90°F. The broken spiral lines, d, are arching
limits for minimum section dimensions from 6 in. to 18 in. whereafter

arching effects are considered to be inappropriate.

The diagram would be used by selecting the appropriate rate
of pour and concrete temperature and then measuring the pressure radially,
from point 0 in accordance with scale P, to the point at which the lines
representing the above criteria intersect. The basic pressure thus
derived is then modified by multiplying by a factor F obtained from
Figure 2.19 to compensate for concretes of different workabilities and
for different continuities of vibration. The arching limit for the
appropriate section is then checked on the same radial "rate of placing"
line and the lesser value used to determine the design pressure. An
addition of 200 lb/ft2 is made after the application of factor F, to

take account of pressure due to impact.

The pressure design chart is bounded by two arbitrary limits,

a maximum pressure of 3000 lb/ft2 and a minimum temperature of 40°F.

2.7 Olsen (13) in his Ph.D. thesis, presented a design method based
on the ACI and CIRIA approaches, modified by introducing the concept of

shear strength of the fresh concrete.

The shear strength of fresh concrete was determined by use of
a triaxial testing arrangement. The triaxial tests were conducted at
different concrete set times, defined as time after addition of water to

the mix and a shear strength-set time relationship was established. Only
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one concrete mix 1:1.5:1.5 with a water cement ratio of 0.40 and a test
temperature of 77°F was used so that the factor of shear strength could

be isolated and its effects on concrete pressure established.

Under these conditions, the lateral pressures obtained by this
method were compared with the pressures that were computed using the

methods recommended by ACI and CIRIA.

Olsen then made the following conclusions:

1. Triaxial tests may be used to determine the lateral pressure on
vertical formwork by wet concrete.

2. The shear strength parameters of concrete are a linear function
of set time,

3. Coulomb's rupture theory does apply to concrete before it sets.

4., The shear strength of fresh concrete can be related to the lateral
pressure of concrete on formwork provided  the associated boundary
conditions are considered.

5. Both the ACI and CIRIA methods for determining the concrete pressures
give similar results. However, in some cases they are both overly

conservative.

2.8 Ritchie (15), in a study sponsored by CIRIA, investigated the
effect of stiffening of concrete on the lateral pressure of concrete on

vertical formwork.

A detailed study was conducted to establish a relationship
between types of cement, types of aggregates and the workability of the
concrete mix. It was established that slump tests, vebe tests and by

means of flow table, stiffening of concrete can be determined, but the
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slump test becomes inoperative when a zero slump has been obtained.
Ritchie concluded that the compaction of concrete mixes by mechanical
means increases the shear strength over those compacted by hand; this
effect is more noticeable with decrease in the ratio of cement to
aggregate. It was also concluded after experimental investigation

that the ACI calculated pressures are excessively conservative, prob-
ably because of the non-recognition of the effects of mix characteristics,
and intensity of vibration. Ritchie also observed that the CIRIA design
chart provided the closest agreement between predicted and recorded
pressures, although the increase in pressure forecast by the chart due

to increase in rate of pour was not obtained experimentally. A greater
difference in the pressures predicted and observed occurred with concretes
of low cement content. Also the correction factor 'F' by which the basic
pressures from the CIRIA design chart are multiplied, was observed to
cover too wide a range, predicting greater reductions and increases

from a standard condition than were actually achieved.

Ritchie formulated a new concept of the mechanisms intrinsic
in the pressure of concrete on formwork, by considering a slug of
freshly mixed concrete initially placed in the formwork, to consist of
a heterogeneous conglomerate of discrete batches of aggregate particles
bound together in a cement matrix. Each of these batches is interlinked
by this matrix and enclose large air voids. With vibration this semi-
continuous mass is rendered homogeneous, with a majority of the air
being expelled and the aggregate particles being kept in suspension by
dispersive pressure. When the mix is in such a condition it acts as

fluid with a density of around 150 lbs/ft3 and exhibits a hydrostatic



- 29 -

pressure on the form in proportion to its depth. With the withdrawal

of the source of vibration the concreteg structural viscosity is
immediately increased, although the yield strength of the cement paste
matrix may be removed, diminished or augmented depending upon the dura-
tion of shear. The form pressure which the mix exhibits as it congeals
will reduce rapidly from the totally fluid to that necessary to maintain
equilibrium, since a resistance to dilatancy of the cement paste together
with the regained viscosity, and cohesion will contain a large proportion
of the shearing stresses induced by the mix self weight. With the im-
position of a further slug of concrete which is also rendered fluid by
vibration, the shearing stresses induced in the lower slug will be such
that the dilated resistance to deformation and cohesion are easily over-
come and the mix will tend to deform plastically., such that the pressure
produced at all levels will appear to be hydrostatic in 1:1 ratio.

During this process the aggregate particles in the matrix will tend to
approach one another since because the yield strength of the cement paste
has been removed it becomes incapable of suspending these particles. The
particles will gravitate although this will depend on the dispersive
pressure between any two particles caused by transmitted vibration and
also hydrodynamic lag effects. Eventually, with the superimposition of
further slugs of concrete and transmitted vibration, a particulate system
will form, with sizes ranging from unhydrated cement particles to the
largest aggregate size with such a system pressure may still be trans-
mitted in a lateral direction through pore-fluid of the cement paste
matrix. As the shearing stresses induced by the head are transferred

to the skeleton structure a compression of the volume occupied by the
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particles will occur, resulting in the expulsion of the interstitial
cement paste and water and thus the transference of vertical pressure to
the form walls.

When, however, a maximum density of the particulate system
occurs, any further shearing stresses induced by the head will cause a
dilation of the structure and thus a slight increase in the volume which
it occupies. This will cause the pore fluid to be drawn into the inter-
stitial spaces formed, and hence will result in a reduction of the pressure
transmitted in the lateral and vertical directions. Thus, the concrete
pressure reaches a maximum and then exhibits the phenomenon of no pressure
increase with further head. A distinct drop off in pressure is experienced
with time as thixetropic regain is established and the chemical bonds

restrain any tendency to plastic deformation.

During his investigation, Ritchie also discovered the following:
1) The effect of increasing the workability of concrete as measured
by the slump test does not necessarily produce an increase in the lateral

pressures generated on formwork.

2) An increase in the continuity of vibration applied to any one
mix at any level of workability does not appear to necessarily produce
an increase in the maximum pressure. It would appear that for the form
used and the type of vibration applied, a critical continuity exists
whereby a reduction, or increase, in this value gives a reduction in the
maximum lateral pressure. The degree of this reduction, however, would
appear to be dependent on the combined effect of mix characteristics,

workability, the continuity of vibration applied and the rate of placing.
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3) The degree of pressure reduction is not related directly to
the degree of workability as measured by the slump test at zero time,
the history of vibration, mix cement to aggregate ratio, or rate of

concrete placement.

4) It was suggested that the degree of pressure reduction under
any-circumstances is dependent on the degree of mix mobility, matrix
fluidity obtained at the time of occurrence of maximum pressure, and the
setting action of cement producing an increase in the cohesion of the

mass, i.e., its isotropic tensile strength.

2.9 Adam (1) conducted tests to study the effect of certain variables
on the lateral pressure of concrete by using a steel wall formwork 3 metres
high (9.75 ft), 2.5 metres (8.13 ft) wide and of variable thickness. He
considered the type of cement, size of aggregates, additives, slump of

the mix, rate of pour and vibration to be the factors affecting the con-

crete pressure significantly.

During his study, Adam measured concrete pressure using a
device which consisted of a metallic membrane attached to the vertical
face of the formwork supported by oil, which transmitted the concrete

pressure from the membrane to a monometer.

Adam conducted tests with various types of cement, and additives.
Concrete pressure was determined experimentally varying the rate of pour
from 0.33 m/hr (1 ft/hr) to 8 m/hr (26 ft/hr), wall thickness 12 cm (5 in.)
to 40 cm (15 in.) and temperature from 0°C to 25°C. During the tests

slump, porewater pressure and the influence of vibration were measured.
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Adam concluded that the depth of influence of vibration is a signifi-
cant factor affecting the concrete pressure though he did not take into
consideration the power of the vibration or the duration of vibration.
Adam also commented that the slump and thickness did not have a very
significant effect on the lateral pressure and the effect of the rate of

pour was less than suggested by previous investigators.

Adah' concluded the following factors to have a significant

influence on the lateral pressure~of concrete.

1. Temperature: As the temperature decreases, the pressure increases,
but this phenomenon is appreciable only in case of high rates of pour and

in case of rates of pour as low as 1 m/hr its effect is negligible.

2. Rate of Pour: It was concluded that the increase in rate of pour of

concrete gives rise to an increase in pressure, as illustrated in
Figure 2.20, but this effect is less than predicted by Rodin, ACI Com-

mittee 622 and Schjodt.

3. Type of Cement:. It was found that the type of cement has a signifi-

cant effect on the pressure of concrete.

4, Size of Agpregate: Adam concluded that the size of the aggregate

is a factor significantly affecting the concrete pressure.

\

5. Thickness of Form: ﬁdam‘ concluded that an increase in form thickness

increases the concrete pressure only for a moderate rate of pour (2 to 3
m/hr) and does not have any influence on pressure for rate of pour less

than 1 m/hr or greater than 4 m/hr.

6. Additives: Tests were also donducted with various types of cement and

additives and these variables were concluded to have a major effect on

concrete pressure.



- 33 -

Adam  proposed prediction equations relating concrete pressure
to rate of pour and temperature of the concrete mix which are illustrated

in Figure 2.21 and summarized in Table 2.3.

2,10 Levitsky (11) attempted to approach the problem analytically by
hypothesizing that the shape of the pressure curve was the result of a
simultaneous hardening and shrinkage of the concrete mix following place-

ment, and in addition a relaxation of the formwork.

Levitsky considered pouring a vertical wall between form sur-
faces some arbitrary distance apart, as depicted in Figure 2.22; the wall
extending to infinity, horizontally and resting upon an infinitely rigid
body. The form surfaces were modelled to exhibit a large initial stiff-
ness under impulsive loading, limited creep under constant pressure, and a
relaxation of pressure with constant displacement. The coefficients of
such a model are associated with the physical parameters of the formwork

according to the following definitions, also illustrated in Figure 2.23.

(1) E, + E, = initial stiffness coefficient

1 2

(2) El = residual stiffness coefficient

(3) n = viscous coefficient

(4) n/E, = t_ = relaxation time constant of the formwork.

2 R

Assuming R to be the rate of pour in feet per hour, tH the

settling time for the concrete mix, 2z representing the depth of liquid

H
region of concrete and z the vertical coordinate of the system, the maxi-
mum form pressure, occurring at the hardening surface of the concrete, is

given by the relation

P =pRt 2,25
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TABLE 2.3 Maximum Lateral Pressure of Concrete
in Tons Per Square Metre (Adam)

(V) Rate of Pour (m/h)

max
2
t/m V < 2 wm/h V> 2m/h
< 5°C 2+ 1.25vV 4.1 + 0.2 V
[}
-
o]
I
H 15°C 2+V 3.6 + 0.2V
(=7
=
[}
B
225°C 2+ 0.8V 3.3+ 0.2V
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The residual value of the form pressure P_ is represented by

o]

P = Pm (1~ k) 2.26

where k is called the relaxation factor and is given as

~af
K = 52, [1 - exp(-5'T)] 2.27
St
14 tH
T = e ratio of hardening time to relaxation time
R
and
£y
St= T E. - ratio of residual form stiffness to initial
1 2  form stiffness given in Figure 2.24,

In the final form the pressures for hydrostatic region and be-

neath the hardening interface wese given as the following:

P

density x depth = pz, 0<z< RtH 2,28

P = pressure below the hydrostatic limit
Zy = %)
Poo + (Pm - Pw) exp(—i?R—— N RtH L zx® 2.29

Levitsky's theoretical approach, to determine the lateral
pressure of concrete, reproduces the characteristic shape of the pressure
curve but the variation of the form pressure distribution with rate of
pour does not correspond to the experimental data; it is observed that
this method gives a linear variation of lateral pressure with pouring

rate.

Levitsky did not take into consideration the development of
shear strength and stiffening of concrete, shrinkage, vibration, arching
and porewater pressure, but is more or less based on the structural

aspects of the form.
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2.11 Summary

Owing to the large number of different variables affecting the
lateral pressure of concrete and the different empirical approaches
adopted by different investigators to solve the problem, it is important
to summarize the different factors responsible for the general pattern
of the pressure distribution of concrete on the form and their effects

on the maximum pressure.

2.11.1 Shape of Pressure Diagram of Forms

From the hypothetical and experimental reasonings given by
different investigators, at this stage, it can be concluded that the

shape of the pressure curve achieved is due to the following factors

(a) Arching, which is a phenomenon representing the friction between
concrete and the face of the form and the internal shear strength
mobilized due to the deflection of any part of the form. This
factor has been considered to be important by Rodin, Schojdt,
Kinnear and Ritchie.

(b) Shear Strength of Concrete. Shear strength in a particulate material
is due to the development of cohesion and internal friction. It is
obvious that the shear strength of concrete increases with time,
probably the major change being the development of cohesion (inter-
locking crystal growth). Rodin, Ritchie, Schjodt's and Olsen agreed
to this phenomenon. Rodin concluded that shrinkage and bleeding of
concrete tends to accelerate the stiffening time of concrete and

speed the development of its shear strength.
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2,11.2 TInfluence of Physical Factors on the Lateral Pressure of Concrete
In addition to the factors stated above the following physical

factors influence the development of maximum pressure of concrete.

(a) Rate of Placement of Concrete

As the rate of pouring of concrete increases the maximum pressure
also increases. The significance of this factor has been taken into con-
sideration in Rodin's equations 2.1, 2.2 and 2.3. This factor has also
been observed to have a major affect on concrete pressure by ACI Committee

347, Ritchie (16), Kinnear (9) and Adam (1).

(b) Propertion of Concrete Mix

Rodin and Ritchie observed that the richer concrete mix exhibits
higher pressure. Rodin attributed this phenomenum to the lubricating
action of the cement which reduces the frictional properties of the mass

and hence the arching action.

(c) Size of Aggregate
Adam (1) and ACI (8) concluded that the size of the aggregate

is a factor significantly affecting the concrete pressure.

(d) Consistency of the Concrete

The higher the slump for a particular mix the lesser would be
the deviation of the pressure from a hydrostatic distribution, and the
higher the lateral pressure. This was concluded by Rodin and Ritchie
and indirectly by CIRIA.
(e) Temperature of the Concrete Mix

A decrease in temperature increases the concrete pressure sig-
nificantly. This affect has been observed by Rodin, Ritchie, Kinnear

and Adam.

e 1 . .
Rodin's formulae for maximum pressure of concrete provide
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pressures at 70°F to which a correction factor has to be applied to
obtain pressure for a given temperature of concrete mix, the relation of

temperature and correction factor is given in Figure 2.4d.

Kinnear (9) considered the effect of temperature on the pressure
of concrete in his derivation of the relation (Eq. 2.26) giving lateral
pressure of concrete by assuming that the setting time of concrete is
affected by temperature.

Ritchie (16) and Adam (1) also observed this effect during

their investigations.

(f) Size and Shape of the Form
It is generally considered that the smaller the width of the
form, the greater would be the arching action which would reduce the con-

crete pressure.

(g) Method of Compaction

Rodin concluded that the concrete compacted by vibration will
exhibit higher pressures than that compacted by hand. Rodin also observed
that using external vibrators results in hydrostatic concrete pressure
over the total depth of the form.

Ritchie (16) observed that the pressure developed during the
compaction of lean mixes by mechanical vibration was 56 percent greater
than that exhibited during hand placing, whereas the influences of
vibration on a rich mix (1:3) gave a 10 percent difference of pressure
due to lubrication.

CIRIA (9) considered continuity of vibration to be a significant
factor influencing the concrete pressure and adopted a constant of vibra-

tion in its relation for pressure.
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2.11.3 Comparison of Results

The pressures which would be predicted by the methods recom-
mended by Rodin, CIRIA, ACI and Adam at temperatures of 70°F, 50°F and
35°F, at a rate of pour of 20 ft/hr are compared and illustrated in

Figures 2.25a, 2.25b and 2.25c.

It is noticed that Rodin's approach towards the calculations
of lateral pressure takes into consideration the effects of temperature
changes which are quite significant, whereas the effect of vibration is
considered only to the extent of the method of compaction with no specific

attention to the parameter of vibration.

The method recommended by CIRIA takes into consideration the
effects of rate of pour, temperature, continuity of vibration and width
of the form but the pressures achieved are highly influenced by the
arching criteria which only takes into consideration the rate of pour of

concrete and width of the form.

The ACI Committee 622 (347) recommendations do not show signi-
ficant effects due to small changes in temperatures and usually provides

higher values for the lateral pressure.

Adam considered the variation in temperature and rate of pour to
have significant effects on the lateral pressure of concrete; however, his
conclusions from the experimental results showed the temperature effects to
be significant only over a major temperature variation as illustrated in

Table 2.3.
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In order to compare the methods of determining lateral pressures
of concrete, the pressures calculated by the methods recommended by Rodin,
ACI Committee, CIRIA and Adams are tabulated in Table 2.4 for various

rates of pour, temperature, slump and mix proportions.



TABLE 2.4 Maximum Pressure of Concrete in Pounds Per Square Foot

Rate of Pour R =5 ft/hr R = 10 ft/hr R = 20 ft/hrx
Temp of Concrete 40°F 50°F 70°F 40°F 50°F 70°F 40°F 50°F 70°F
. Conc
d in Mix Slump

Rodin 1:2:4 ! 1151 984 757 1450 1240 954 1827 1563 1202
4" 1263 1080 831 1591 1361 1047 2005 1715 1319
8" 1543 1320 1015 1945 1664 1280 2451 2096 1612
1:3:6 A 978 836 644 1233 1054 811 1553 1329 1022
4" 1074 918 706 1352 1157 890 1704 1458 1121
8" 1312 780 863 1653 1414 1088 2083 1782 1370
ACI 1275 1050 793 2400 1950 1436 3000 3000 2721
CIRIA-Stiffening 12" 2" 561 558 507 1099 1091 991 2101 2086 1886
Criteria 4" 598 597 588 1100 1099 1080 2105 2102 2065

8" * * * * * * * * *
Arching 12" 2" 1000 1000 1000 1100 1100 1100 1300 1300 1300
Criteria 4" 1000 1000 1000 1100 1100 1100 1300 1300 1300
8" 1000 1000 1000 1100 1100 1100 1300 1300 1300
Stiffening 18" 2" 561 558 507 1099 1091 991 2101 2086 1886
Criteria 4m 598 598 588 1100 1099 1080 2105 2102 2065

8" * * %* * * * * % *
Arching 18" 2" 1300 1300 1300 1400 1400 1400 1600 1600 1600
Criteria 4" 1300 1300 1300 1400 1400 1400 1600 1600 1600
8" 1300 1300 1300 1400 1400 1400 1600 1600 1600
Max Design 12" 2" 761 758 707 1299 1291 1191 1500 1500 1500
Pressure#*#* 4" 798 ~797 788 1300 1299 1280 1500 1500 1500
8" 1200 1200 1200 1300 1300 1300 1500 1500 1500
Max Design 18" 2" 761 758 707 1299 1291 1191 1500 1500 1500
Pressure 4" 798 797 788 1300 1299 1280 1500 1500 1500
8" 1200 1200 1200 1300 1300 1300 1500 1500 1500
Adam 804 725 725 967 864 864 1093 9290 990

Under given conditions this criteria is not predominant, hence not considered.
%k

Max design pressure = minimum pressure value obtained from stiffening and arching criteria -~ 200 psi
(impact pressure).

_'[{7_.
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CHAPTER 3

OBJECT OF THE PRESENT STUDY

The lateral pressure of concrete is a function of numerous
parameters. Tests to determine the lateral pressure of freshly-placed
concrete have been corducted by many researchers, but the results varied
too much to provide reliable data. This has been attributed to the dif-
ferent conditions under which the experiments were carried out, and also

to the multitude of factors that influence the fresh concrete.

The original intention of this study was to experimentally
determine a conservative envelope of lateral pressure with the parameters
of slump and concrete strength kept constant and varying the width of
the form, the temperature of the concrete and rate of pour. The first
pour of this series of tests was a repeat of a pour in a previous series
of tests to calibrate and reproduce the results obtained previously and
to measure lateral pressure of concrete by using Cambridge cells; the
Principles of Cambridge cell will be discussed in detail in Chapter 4.
Unfortunately, the results in no way correspond with the previous results
and the reason for this discrepancy had to be determined.

After studying the details of the present and previous experi-
ments and much discussion it was realized that a different vibrator had
been used, the depth to which the vibrator was immersed could have been
different and that the duration of vibration could have differed. At
this point it was realized that it would be unrealistic to determine a
pressure envelope until the dependency of lateral pressure on vibration

had been clarified. Hence the objectives were redefined as determining
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the variation of lateral pressure with power of vibration, immersed depth
of vibrator, duration of vibration and temperature keeping concrete

strength, slump, rate of pour and form dimensions constant.
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CHAPTER 4

EXPERIMENTAL APPARATUS

4.1 General

To determine the lateral pressure of concrete on formwork and
to study the parameters responsible for the variatioms in concrete pres-
sure and the extent of their influence, different investigators used
many different types of equipment. However, the lack of correlation

between results of the different investigators can be explained partly

as due to the scarcity of knowledge and control of the parameters in-
fluencing the behaviour of the concrete, and partly due to the equip-

ment used for measuring the lateral pressures.

It has been observed by several investigators that any outward
movement or deflection of the form causes a tremendous reduction in
lateral pressure, thus the current experimental investigation used rigid
steel formwork to minimize this effect and hence maximize the lateral

pressure.

4.2 Description of Formwork

The formwork used is a steel open ended box erected in the
basement of the structural laboratory of the University of Ottawa. The
basement floor is 12 feet below the main strong floor of the laboratory
and hence 3 feet of the form projects above the ground floor. This
location enables concrete to be poured directly from the mixing truck

into the form. An overall view of the form is shown in Figure 4-la.
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The formwork has dimensions of 15 feet in height, 3 feet in width and
thickness variable up to 22 inches. The movable 3 feet wide back face
of the formwork has 5 holes, each 5 inches in diameter, to locate the

pressure measuring devices.

The formwork is a rigid structure made from structural steel
and details of the fabrication are illustrated in Figure 4-1b and given
in Table 4.1. The major parts of the form are:

1. The movable back face
2, The two side faces
3. The front face

4. The supporting collars.

The movable back face is 0.5 inch thick steel plate stiffened
by two vertical I-section beams and stiffeners; these beams in turn
support 3 cross-beams to provide further stiffening and support a vertical
I-section beam along the mid—width)which is used to carry the pressure
cells, to prevent any movement of the movable face during concrete
pouring. The supporting collars, made of bBox sections are also used to
support the hydraulic jacks necessary to avoid any unforeseen movement
in the back face of the form. The side faces are held tight against the
front and back faces by beams bolted at three locations over the height

of the structure.

4.3 Pressure Measuring Device and Principles

4,3.1 To measure the lateral pressure of concrete over the years

many different types of instruments have been used. Roby (14) measured
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TABLE 4.1 Details of Rigid Steel Formwork

(Refer to Fig. 4-1p)

LI |

Index No. Description
1 Front face (2-15" channel sections and 1'6" channel
sections).
2,3 Side faces, 12" channel section each, bolted to '5'.
4 4x4 WF Beam, welded to back of 'front face'.
5 4x4 WF Beam, hinged to '4', holding the 'side face' in
vertical position.
6 Movable back face.
7 6x6 WF Beams, various lengths.
8 6x6 WF Beams, all the 5 load cells are mounted to it.
9 Pressure measuring device - load cell

10 6x6 Box section, welded to the back of front face, forming
part of the supporting collar.

11 6x6 Box section, joining the movable part of the supporting
collar, can be moved to the desired position 'a', 'b', 'c
or 'd' according to the desired form thickness.

12 Jack, trade mark 'ENARPAC-RC-102', 10 tons capacity and
2-1/8" stroke.

13 Supporting threaded rods.

14 Pull out threaded rods.

15 6" channel section, part of the supporting collar.

16 Threaded rod, holding the side faces from opening up while
concreting, rod has to pass through each side face of each
side at position of 'a', 'b', '¢' or 'd' according to form
thickness.

a Position for 6" thickness 6f the form.

b Position for 9" thickness of the form.

c Position for 12" thickness of the form.

Position for 18" thickness of the form.
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the concrete pressure by the deflection of a 7/16 inch steel plate,

6 inches wide, extending the full width of the form and resting on knife
edges 28 inches apart. The steel plate was located near the bottom of
the form; by means of a pivoted bar, connected to a lever to give a ratio
of 10:1, the deflection of the centre of the plate was read on a scale
graduated in 1/64 inch, and by using a magnifying glass it was possible
to read to within 1/256 inch. This corresponded to a plate deflection

of 0.004 inch. The thickness of the timber sheathing above and below

the steel plate was designed to give the same deflection under load as

the steel plate.

Shunk (19) inserted a 9-1/4 inch diameter cylinder, fitted with
a freely moving piston, into the wood formwork, and by means of a weighted
lever arm determined the load required just to prevent the piston from

moving under the applied concrete pressure.

McDaniel and Carver (12) used a pressure gauge consisting of a
small flexible German-Silver diaphragm acting upon a reservoir containing
mercury. The reservoir was connected to a glass tube, and the pressure

was indicated by the position of the mercury in the tube.

Macklin (12a) calculated the pressure of concrete against form-
work by measuring the deflection of the wood sheathing relative to the
supporting studs by means of a dial type micrometer mounted on a bridge

arrangement.

The pressure measuring device used by the California Division
of Highways (13) consisted of a metal disk, to one side of which a sheet-

rubber diaphragm was clamped in a manner similar to that of a drum head.
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The shallow space between the rubber diaphragm and the disk was filled
with liquid, which operated an ordinary pressure gauge mounted on the
back of the disk. The cells, 6 and 12 inches in diameter, were inserted
into the form wall so that the rubber diaphragm was flush with the inside

surface of the wall.

David, Jensen and Neeland (3) during the restoration of the up-
stream surface of the Barker Dam with prepakt concrete attached strain
meters to the 1 inch diameter steel bars which anchored the precast face
slabs to the face of the o0ld dam. The stresses in the anchor bar were
measured and the pressures against the slab form, during the process of
filling with aggregate and the later process of grouting, were back
calculated. Carlson electric resistance meters were welded to the anchor

bar to measure the loads in the anchor bar.

Smith, Slater, Goldbeck and Teller (17) used Goldbeck-type
pressure cells inserted in the forms with the diaphragms flush with the
inside form surface. This type of cell requires a small movement of the

diaphragm against the concrete to break the circuit.

Civil Engineering Research Association (9) CERA now CIRIA used a
nominally no displacement device to measure the lateral pressure of concrete,
which comprised of a cylinder and piston. Air pressure within the cylinder
was used to balance the direct thrust from the concrete. Sensitive micro-
switches were used to indicate small movements of the piston and so en-

able balance to be effected.

Considerable conflict exists between the results of these

previous researchers which has largely been attributed to differences in
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measuring techniques. Great importance has recently been attached,

therefore, to the type of apparatus used and its sensitivity.

All the problems inherent in the lateral pressures of fresh
concrete also occur in the measurement of earth pressures. Over the past
few years the measurement of earth pressures has advanced considerably
and for this investigation it was decided to use a standard developed

earth pressure cell.

When selecting the type of pressure cell to be used in this
investigation, it was decided to adopt a device capable of measuring both
the lateral pressure of concrete on the vertical faces of the form and
the shear forces developed due to the friction effects at the same

location, simultaneously.

4.3.2 Type of Cells

There are two basic types of pressure cells which have been
utilized in the past for various pressure measurements. These are cells
with a flexible surface or diaphragm in contact with the soil and cells
with a rigid face plate. A detailed study on this subject has been con-

ducted by Doohan (4).

4.3.3 Shear and Normal Force Measurement using Earth Pressure Cells

Most earth pressure cells are capable of measuring only the
pressure normal to the face of the cell. Recently several load cells
have been devised that can measure force both perpendicular and parallel

to the face of the cell.
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The Cambridge cell developed by Arthur and Roscoe (2), which
can measure both normal and tangential pressures, was chosen for this
study as it could be made and calibrated in-house and experience of use

existed in the Ottawa area.

4.3.4 Cambridge Cell

Basically the cell is designed so that the face plate is supported
by thin webs which are infinitely stiff in their own direction and in-
finitely flexible in the transverse direction, load being measured by
strain gauges on the webs. By using webs in any required direction the
load in that direction can be determined. The cell shown in Figure 4-2.

A normal load causes strain in the normal webs and a shear load develops
strain in the shear webs. Eccentricity is calculated from the proportion
of the normal load carried by each normal web. Range and sensitivity of
the cell is determined by the thickness of the webs and by the area of

the top plate.

4.3.4.1 Modification to the Cambridge Cell

The original Cambridge cell transmitted the shear forces through
a shear pillar by two shear webs. A total of 20 strain gauges were used
to measure the various load components. The original Cambridge cell was
modified to transmit the shear force through four shear webs and the
number of strain gauges required reduced to sixteen. Doohan (4) used the
modified Cambridge cells to measure the distribution of shear and normal
forces on a footing. The purpose of modifying the cell was to ensure

higher precision in measurements and minimize the chances of damage.
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A comparison of the original amnd modified cells is shown in

Figure 4-4%,

In each cell sixteen strain gauges were used, eight for shear
and eight for normal pressure measurements . The strain gauges
were connected to the strain indicator through the balance unit, using
a quarter bridge arrangement for both shear and normal circuits, each

using two active gauges and two dummy gauges connected in series.

4,3.4.2 Principle of Operation

Cambridge cells can measure a shear force S, a normal force N,
and the eccentricity of the normal force e, in the plane of the shear
force. As the force N is applied at a distance e, from the centre of the
cell, it can be replaced by a force N' = N at the centre and a moment
N x e. The force N' is balanced by reactions of N'/4 in each of the
normal webs. The moment N.e results in forces in each pair of normal
webs, of equal magnitude but opposite sign and a force in the shear webs.
Similarly, a shear force S can be replaced by a force S' in the shear
webs and a moment caused by the fact that the actual force S acts slightly
above the level of the shear webs. This moment is balanced by forces in

each pair of normal webs (see Figure 4-3).

4.3.4.3 Choice of Cell Material and Circuit

Temperature variations influence the performance of resistance
strain gauges, due to temperature variations in gauge resistance, which
can be of the same magnitude as that caused by the strain. Generally,

. A . C s
the relative change -%-at a strain e and a temperature variation
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A =06 - 90 can be written as

A—g = ek (1+mo) + (a + kha)ho 4.1

Ih the first term of equation 4.1, ko is the conventional gauge
factor at room temperature, eo and m is its temperature coefficient. The
second term comprises contributions from the thermal coefficient of resis-
tivity &, and from the product kAa, where Aa = a; - a, is the difference
between the coefficients of thermal expansion of the test structure, ajs
and of the gauge wire, ay. The temperature error of a bonded resistance
strain gauge, therefore depends not only on the properties of the gauge
material but also on those of the test structure. It is possible, by a

suitable combination of materials, to obtain temperature compensation

with respect to é%; so that

o + k(a1 - az) =0 4.2

It has been observed that a combination of a strain gauge with
aluminum substructures shows comparatively low effects due to change in

temperature.

This thermal effect can further be reduced by pairing active
gauges with dummy gauges or with matched dummies in a 1/4 bridge arrange-

ment.

The cell was machined from a solid piece of aluminum alloy
HS15W. Aluminum was used as it has a low modulus of elasticity and is easy
to machine, A material with a low modulus of elasticity provides larger
strains, which are easier to measure under given conditions than a

material with a high modulus.
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4.3.4.4 Choice of Web Dimensions

The dimensions of the webs govern the range and sensitivity of
the load cell. It should be noted that the minimum web thickness would
be about 0.015 inches (0.381 mm) since machining thinner than this would
be difficult. The webs were made 0.50 inches long and 0.25 inches wide

(12.7 mm x 6.35 mm).

4.3.4.4.1 Normal Web Thickness

The maximum normal load which could be expected would be hydro-
static pressure with a density of concrete of 153 lb/ft3 and under a

concrete head of fourteen feet.
P =+vH = 153 x 14 = 2142 lbs/ft2

Hence a cell would be subjected to a maximum load of 2200 1bs/ft2 in
extreme conditions. If this pressure was evenly distributed over the cell
face plate of 19.12 square inch area (5" diameter), the normal force per
cell would be not more than 293 pounds. The cell was designed to take a
total load of 400 pounds. Under no eccentric load each web would be
required to take 25 percent of the total load, but since the load can be
eccentric each pair of webs was designed to take 75 percent of the total

load. Hence the thickness of the web can be calculated from:

150 lbs
t = 4.3
fA x b lb/in2 x in
where fA = allowable strength of aluminum
= 20,000 psi
b = width of web

0.25 inch
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_ 150 _ .
t = 50,000 x 0.25 - 0.030 inches

To check the web against buckling, Euler's buckling formula

was used assuming the web to be fixed at both ends.

2..3
P = ILI%;L_ 1lbs A
cr 3L

where E = modulus of elasticity 107 psi
Pcr = critical buckling load
L = length of web
b = width of web
or 3 3Pcr Lz
t° = — 4.5

m Eb

2
_3 ; 150 x (0.5)" _ 4.56 x 10_6 inches

™ X 107 x 0.25

t = 0.0166 inches

Therefore a thickness of 0.030 inches was adopted for the

normal webs.

4.3.4.4,2 Shear Web Thickness

The maximum shear force was expected not to exceed the maximum
normal force, hence the shear webs were made to the same dimensions as

the normal webs.
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4,3.4.5 Gauging and Bridge Circuit

Each cell contained sixteen CEA-13-125UW-120 type strain gauges
manufactured by Micro-Measurements and compensated for aluminum. The
gauges used had a gauge factor of 2.12 * 0.5% at 75°F and resistance of
120 + 0.3% OHMS. The strain gauges were placed on both sides of the shear
and normal webs and connected in series to eliminate bending effects.
Great difficulty was encountered in fixing the gauges to the webs and
then soldering leads to these gauges; only single strand small diameter
wire was attached to each solder dot. M bond 610 was used to cement the

gauges to the webs.

To use a quarter bridge arrangement two gauges were cemented to
a piece of aluminum and connected in series to act as a temperature com-

pensated dummy.

4,3.4.6 Pressure Cell Calibration
1. Static Load Calibration

The cells were calibrated by applying directly vertical and
horizontal loads on the rigid face plates of the cells. The normal load
was applied by means of a hanger and weights at the centre and at
eccentricities of 5/8 of an inch on both sides of the centre of the plate,
through a steel ball. Shear load was applied in the direction parallel

to the plane of the face plate through a ﬁanger and pulley.

Arthur and Roscoe (2) stated and it was observed experimentally
that the load cells recorded the same load whether the load was applied
at a point through a steel ball or uniformly over the whole face plate

of the cell.
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2, Water Calibration

The cells were also water calibrated after installing them in
the form to check their operation and accuracy. The results are illustrated

in Figure 4.32 as a plot between the measured strain and the water pressure.

4.3.4.7 Calibration Tests and Load Cell Constants

Arthur and Roscoe (2) introduced the method of calibration by
assuming that the sum of the outputs of the normal bridge circuit is

directly proportional to the normal load.

Another method of calibration used by Doohan (4) but initially
developed by Bozozuk of the National Research Council of Canada assumes
that the output resistances or voltage are linearly dependent on the three
applied loads, i.e., the normal load, shear load, and the moment due to
eccentricity of the normal load. This assumption gives a matrix of co-

efficients or load cell constants as follows:

+ + + +
\ n s e N
V = n s e S 4.6
' ns ss es Ne
X
or V = AF
or F = A_1V
+ . . .
where V' = output strain from + normal circuit
V = output strain from - normal circuit
VX = output strain from the shear circuit

N = normal load

S = shear load
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=2
n
]

moment, normal load X eccentricity

A

matrix of load cell constants

In order to determine the load cell constants a series of

calibration tests were performed.

4.3.4.7.1 Calibration Tests

a) Fix S = 0, and e = 0, varying N from 0 to 400 pounds in 80 pound
increments and then from 400 pounds to O, the results are plotted
on Figure 4-6, for load cell number 1.

b) Fix N = e = 0, and vary S from O to 400 1bs in 40 1b increments and
then return to zero. Plot the results as in Figure 4-7 for load
cell number 1.

c) Fix S = 0 and e = #0.635 inches from the centre of the cell face
plate; vary N from O to 200 pounds in 40 pound increments, plotting

the results as shown in Figure 4-8 for cell number 1.

Hence from the relation 4-6 the following relationship can be obtained
for moments having opposite signs.

V+

v

N@) + s + Ne(e+) 4.7

+
Nm') + 8(s) - N_(eh) 4.8
From the above two relations the value of e+ can be obtained

Vi -V = Pe(e+) + Ne(e )

or et = Yt_:iii - l.(Yi._ ﬁf§
2N 2 ‘N N
e e e

e+ is evaluated from the plot between V+ and Ne taking the moment N, with

positive and negative eccentricities.
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The calibration curves of load cells 2, 3, 4, 5 and 6 are shown

in Figures 4-10 to 4-31.

Load cell constants for each cell were determined as outlined

above, and are substituted into equation 4.6 as follows:

Cell No. 1
v -5.396
V. = -5.104
\Y 0.11
X
Cell No. 2
v -5.39
vV = -5.54
\s -0.08
X
Cell No. 3
v -5.0
V. = -6.016
\Y -0.11
X
Cell No. 4
V+ -5.14
V. = =5.55
4 -0.028

5.25
-4.33

15.0

4,92
-4.,213

15.31

4.375
-4.,375

15.78

4,375
-4061

14.61

6.32
-5.90

0.21

6.15
-6.75

0.23

6.358
-6.93

-0.032

6.39
-6,32

0.296

Ne
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Cell No. 5
vt -5.56 4.76 6.6 N
V. = -5.78 -4.085 -6.6 S
v, 0.145 14.22 0.3  Ne
Cell No. 6
v -5.625 5.0 6.79 N
V. = -5.7 -4.53 -6.84 S
v, 0.055 15.94 0.26  Ne

4.4 Matrix Inversions

In section 4.,3.4.7 the load cell constants were determined from

the basic relation which can be written in the form
V = AF 4.9

where V is the strain achieved from the bridge circuits
A is the matrix of load cell constants

F are the forces acting on the load cell

In order to determine these forces ¥, equation 4.9 can be

written in the form

where A-1 is the inverse of A

The inversions of the matrices of load cell constants deter-

mined in section 4.3.4.7 are as follows:



Cell No.

Cell No.

Cell No.

Cell No.

Cell No.

Cell No.

10~

10~

10~

10

10

10

- 60 ~

-919.80
- 5.66

802.075

-959.85
-17.11

798.5

-950.79
- 4.947

828.51

-969.61
- 18.56

829.89

-882.27
- 7040

777.24

-886.67
- 9.091

744,91

-985.03
20.57

-862.712

-872.179
- 7.111

-770.09

-872.41

-680.94

~

-940.77
+ 13.75

-766.16

-880.35
25.00

-759.66

-879.11
15.09

-739.39

28.99

674.61

-527.43

68.45
660.63

-468.51

21.73

633.02

-418.50

- 18.47

694.36

-490.26

42.43
712.89

-478.40

28.29

634.49

-443.79
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The three load components can be calculated from the output

resistance from the following equation

N vt
S = a1y
Ne v

X

where N = normal load in pounds
S = shear load in pounds
Ne = normal load times the eccentricity of the normal load
V+ = sum of the strain given by gauges 1 and 2 or strain out-
put of the '+' normal cirauit
V" = sum of the strain given by gauges 5 and 6 or strain out-
put of the '-' normal circuit
VS = strain given by the shear circuit
For example the strains measured by Cell No. 3 at a load of

160 1bs at an eccentricity of 0.625 inches, are V+ =

inch, V. = -268 micro inches/inch and VX =

-31 micro inches/inch. The

three loads can be determined from the strains as follows

N
s =10
Ne

N =

S =

Ne =

F=val
-950.79 -872.41 21.73 -1438
- 4,947 - 7.864 633.02 -268
828.51 -680.94 -418.50 -31

+136.7236 + 23.38059 - 0.06736 = 160 1bs
+0.711379 + 0.2000 - 1.96 = 1.05 1bs

~119.1397 + 18.249 + 1.29738 = 99.6 1bs or e = 0.6225 inch

These cells are assumed to give an error not more than 2 percent

-1438 micro inches/
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4.5 Comparison of Dead Load Calibration with Water Calibration

To compare the water calibration and static load calibrations,
the results obtained in both cases were compared by plotting pressure
against strain in micro inches as illustrated in Figures 4.31 and 4.32.
Cells 2, 3, 4 and 5 show a difference of about 10 percent whereas Cell 1
showed a higher discrepancy; this could be due to changing of gauges in
different cells whenever they were damaged and partly due to the normal
forces acting eccentric to the face of the cell, when the form is filled
with water. The water calibration test was adopted as a standard for
measurements as the water test could be performed before performing

every test and after any gauge was repaired or replaced.
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CHAPTER 5

EXPERTMENTAL PROCEDURE

5.1 General

As stated previously this investigation was concerned with the
effect of vibration on the lateral pressure exerted by freshly poured

concrete on vertical form faces.

Basically the investigation consisted of pouring concrete under
'controlled' conditions into an instrumented form 15 feet deep, 3 feet
wide and 11 inches between the form faces and measuring the resulting
lateral pressure. Lateral pressure was measured by five Cambridge cells
mounted 1 foot, 3 feet, 5 feet, 7 feet and 9 feet, respectively, above

the base of the form.

The form was located below grade in the basement of the
structures laboratory at the University of Ottawa allowing concrete to
be poured directly into the form from a ready-mix truck; the duration of

vibration, immersed length. and power of vibrator used were kept constant for

any one test.

5.2 Water Calibration Test

In addition to the dead load calibration carried out and dis-
cussed in Chapter 4, a water test was run to check calibrate the cells
for normal pressure. Calibration tests were carried out directly in
the form by means of hydrostatic pressure; the hydrostatic pressure being

supplied by water contained in a large polyethylene bag placed in the
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form. The bag was gradually filled with water, strain gauge readings
being recorded at every 2 feet intervals of the water level in the form.
Thus the pressure/gauge reading relationship was obtained for the load

cells,

The results of the water calibration of the load cells, shown
in Figure 4-31, were used to obtain the lateral pressure through all the
experimental tests.

A number of water calibration tests were carried out success-
fully to achieve the presented results. Many tests proved to be unsuccess-
ful due to difficulties in preventing water leaking through the polyethylene

bag, and hence wetting the gauges.

The water calibration was performed regularly to check the

calibration and that the cells worked satisfactorily.

5.3 Description of Concrete

The concrete used for the experiments was type 1 normal weight
mix concrete 1:2.4:3.3, ordered from a local ready-mix company by specifying
the required 28 days compressive strength and the desired slump. The con-
crete was specified to have a compressive strength of 4000 psi and 2-1/2"-
3" slump, with a maximum aggregate size of 3/4 inches, the grading curve
is shown in Figure 5.1.

Concrete was poured directly into the form at the required rate
as soon as the concrete truck arrived. Generally the pour was started
half an hour after the addition of water to concrete.

In order to measure the concrete strength, three cylinders

were moulded, and tested at 28 days after casting. Slump tests were

made after completion of the pour.
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5.4 Experimental Programme
5.4.1 Parameters

This study was carried out under conditions such that some of
the parameters were varied, as required keeping the remainder normally

constant.

The concrete mix, strength, the rate of pour of the concrete

and the dimensions of the form were kept constant throughout the study-
The parameters varied were

a) Power of vibrator
b) Depth of vibrator immersed into concrete
¢) Duration of vibration per unit volume of concrete placed

d) Concrete temperature and lab temperature.

5.4.2 Steel Reinforcement

To extract the hardened block of concrete from the form and to
enable the block to be handled with safety a cage of reinforcement was
cast in the concrete. The reinforcement consisted of four #6 longitudinal
bars tied into a box with #2 bars at two feet spacings on the sides of
the box and at the top and bottom of the front and back faces of the box.

There was no reinforcement towards the front and back faces of the form.

To minimize friction between the form and the concrete, to pre-
vent the concrete from bonding to the form and to protect the load cells
from getting wet a polyethylene bag was used to line the inner surface

of the form.
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5.4.3 Test Procedure

The general procedure consisted of zeroing the strain readings
of all the gauges of the five cells, and then fresh concrete was placed
from the truck into the form at a speed of 20 ft/hr. The formwork was
filled in eight stages, in 2 feet intervals for the first fourteen feet
and then the last one foot. The concrete was vibrated at every stage
using the required vibrator, for the specified duration and immersed to
a particular depth. The temperature in the laboratory and that of the
concrete mix was recorded; slump of concrete was measured at the commence-
ment, middle and at the end of the pour. At every two feet intervals
after the concrete had been vibrated the gauge readings, for both shear

and normal pressures, were recorded.

Twenty-two tests were carried out in total. In order to study
the behaviour of concrete under different parameters, while keeping the
temperature constant, the initial set of tests were performed in a
temperature range of 65° to 75°F. During the investigation the rate of
pour. was maintained constant at 20 ft/hr; vibrators of 1 HP and 2.5 HP
were used. The duration of vibration was varied at 0.5 minutes, 2.5
minutes, 3.5 minutes and 5 minutes. The vibrator head was immersed to a
depth of either 2 feet or 1 metre. The strain gauge readings were recorded
at each 1lift of concrete to measure the variation of lateral pressure and

shear force with concrete head.

Similar tests were repeated in the cooler temperatures of fall
and early winter to study the influence of temperature on the behaviour

of concrete.



- 67 -

The strain readings obtained from the normal gauges were
converted into normal pressures in pounds per square foot units and
plotted against the depth of concrete in the form, shown in Figures 6.1la,

6.2a to 6.17a.

To check the performance of each cell and study the pressures
exerted by the concrete at each level, the pressures given by each cell
under different heads of concrete were plotted against concrete head as
shown in Figures 6.1b, 6.2b to 6.17b. The concrete was expected to
exhibit the same pressure under the same head of concrete at all levels
of the form, but it was observed from the plots that the internal con-

sistency of the results varied.

The lateral pressures obtained experimentally were compared with
the lateral pressures recommended by the ACI Committee 347 and CIRIA as

shown in Figures 6.1 to 6.17.

The strain gauge readings obtained from the shear gauges were
converted to pressures in pounds per square foot and plotted against head
of concrete. To project a better understanding of the relation between
lateral pressures and shear force acting parallel to the face of the form,
lateral pressures and shear pressures were plotted against the head of

concrete on the same graphs as illustrated in Figures 6.18 to 6.23.

5.5 Experimental Problems

During the experimental investigation a number of observations
and difficulties which were minor in nature but of significant importance
regarding the magnitude and accuracy of the results, were encountered.

These are stated below to be available for reference.
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1. While carrying out the water calibration tests, polyethylenc
sheating, supported around a wooden frame, was used as a water proofing
membrane. It was found to be a difficult task to provide a water tight
membrane.

2. The strain gauges used in the load cells were very semsitive to
moisture. The seepage of water past the face plate of the load cell
could not be prevented and though a water-proof coating had been applied
to the gauges, water affected the wire connections and seeped between

the webs and the strain gauges, damaging them.

During both the water calibration tests and the concrete tests
extreme care had to be taken to prevent the polyethylene membrane from
being damaged.

3. When installing the cells in the back face of the form it was
necessary to ensure that the face plate of the cell was flush with the
face of the form. If the cell was projecting out it would press against
the polyethylene membrane, and the effective area of the face plate of
the cell would be increased, giving an apparent higher lateral pressure.
Also the vertical impact of the falling concrete would give a higher
shear force.

4, During static calibration of the cells it was observed that with
a concentric load each of the four normal circuits, did not give the same
output strain. However, the sum of the four normal web strains always
remained the same under a specific load.

5. The gauges used in the Cambridge cells were very delicate and
the webs were too small to fix the gauges conveniently. Whenever any
gauge was damaged the particular cell was regauged and the recalibrated

to compare with the previous calibration.
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6. Each cell consisted of 16 gauges, eight circuits, numerous
connections and eight wires leading to the balance unit. Thus a total
of 40 wires were run to the strain reading equipment on the ground floor.
Extreme caution had to be observed while moving the back face of the
form, tightening of the ties and bolts and working around the form to
avoid breaking the wires.

7. Due to the sensitivity and delicacy of the cells, there always
existed a possibility of damaging the cells while vibrating the concrete.
8. While pulling out the set concrete slab, force was exerted
against the cells, and on occasions damaged the cell webs.

9. To stop the leakage of water into the cells, plastic bags

were used to cover the cells.
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CHAPTER 6

DISUCSSION OF EXPERIMENTAL RESULTS

6.1 General

The parameters varied during this investigation were the depth
of immersion of the vibrator, duration of wvibration, power of the vibrator
and temperature of the concrete. The specifications of the wvarious tests
are summarized in Table 6.1, All tests were carried out with a rate of
pour of 20 ft/hr with a specified slump of 2.5 inches and the concrete

poured in lifts of 2 feet.

6.2 Lateral Pressure Envelope

The lateral pressure envelopes, plotted against elevation of
the concrete in the form, shown in Figures 6.la, 6.2a to 6.17a. The
same information is plotted against head of concrete in Figures 6.1b to

6.17b.

It can easily be observed.that the pressure -envelope is initially
linear with increase in head deviating from the line of linearity after
the concrete has been poured to a certain depth in the form; the pressure
reaching a maximum and then declining. This phenomenum is typical and
has been reported by all investigators including Adam, Kinnear (CIRIA),

Ritchie and Rodin.

The concrete pressures plotted against the head of concrete

are shown in Figures 6.1b to 6.17b. It is readily apparent that although



TABLE 6.1 Details of Test Program

Rate Concrete Power Duration Depth Max
of Fig Temp of of of Pressure
Test Date S1lump Pour No °F H.P. Vibration Vibrator psf
No ins. ft/hr minutes Immersion
ft

1 26.08.77 2,5 20 6.1 71 1 0.5 2 740

2 28.07.77 2.5 20 6.2 74 1 2.5 2 800

3 31.08.77 2.5 20 6.3 71 1 3.5 2 990
4 04.08.77 2.5 20 6.4 78 1 5.0 2 725
5 19.08.77 2.5 20 6.5 71 1 0.5 3.25 940
6 09.08.77 2.5 20 6.6 75 1 2.5 3.25 950

7 02.09.77 3 20 6.7 72 1 3.5 3.25 960

8 12,08.77 2.75 20 6.8 68 1 5.0 3.25 975

9 06.07.77 2.5 20 6.9 73 2.5 0.5 2 1112
10 28.10.77 3 20 6.10 65 2.5 2.5 2 1300
11 13.10.77 2.5 20 6.11 62 2,5 0.5 3.25 1275
12 20.10,77 3 20 6.12 55 2.5 2.5 3.25 1715
13 22,12.77 2.5 20 6.13 48 1 0.5 3.25 1380
14 25.11.77 3 20 6.14 54 2.5 2.5 2 2050
15 07.12.77 3 20 6.15 47 2.5 0.5 3.25 1840
16 14.12.77 2.25 20 6.16 66 1 0.5 3.25 1000
17 22.03.78 2.5 20 6.17 57 1 0.5 3.25 944
18 21.07.77 2.5 20 6.23 76 1 0.5 2 615

_"[L..
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the pressure envelopes are similar, the internal consistency of any

single test is not as uniform as could be hoped.

All tests show a similar behaviour except tests 1, 2, 4, 6, 8
and 9 where the pressure on the lowest cell increases with head for the

last few feet of concrete pour.

To study the effect of friction between the concrete and the
surface of the formwork, and any effect due to vertical shrinkage of the
concrete, shear pressure and normal pressure in pounds per square foot
are plotted against the head of concrete in Figures 6.18 to 6.24 for
tests 1, 2, 5, 6 and 8. The shear forces recorded do not give conclusive
results but the plots to some extent illustrate the relation between normal
pressures and shear forces; Figures 6.19, 6.20, 6.22, 6.23 and 6.24 show
a significant relation between normal and shear forces. It is interesting
to note that the linear part of the lateral pressure envelope corresponds
to zero shear force, the rate of increase of lateral pressure decreasing
as shear friction develops, but the relation between lateral pressures
and shear friction can only be developed after detailed further investiga~
tion. The anomalous shear force recorded by Cell 1 in Figures 6.18 and
6.21 could only be attributed to internal residual impact due to pouring
of concrete.

In the plots shown in Figures 6.4a, 6.6a, 6.7a, 6.8a and 6.10
it is observed that the pressures recorded at the 1 foot elevation of the
form, in contradiction to the generally expected distribution, exceed
those recorded at the 3 feet elevation, under large concrete heads. This
phenomenum was also observed in the tests performed by Ritchie (15) but

was not explained; the reason could be the accumulation of drained water
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at the bottom of the form, thus exerting a pore water pressure in addition
to the concrete pressure. This hypothesis which was initially introduced
by Rodin (17) can be put forward only as a possible explanation with no

definite proof.

It is observed for tests 6, 7, 8, 9, 11, 13, 14, 16 and 17 that
under a concrete head varying between 7 feet and 11 feet the lateral
pressure dropped, followed by an increase in pressure; and then finally
showing a drop in pressure forming a general pattern for the lateral
pressure envelope, this is illustrated in Figures 6.6b, 6.7b, 6.8b, 6.9b,
6.11b, 6.13b, 6.14b, 6.16b and 6.17b. This phenomenum can be explained
as due to the ineffectiveness of the vibration at depths remote from the
vibrator and the developed shear strength of the concrete. Thus at a
certain instant the vertical concrete load is supported by the shear
strength of the concrete, however any further increase in superimposed
load would increase the vertical forces and this pressure would still be
transmitted through the pore fluid of the concrete mix in a lateral
direction, thus showing an increase in a lateral pressure. The drop in
pressure at large concrete heads can be attributed to friction between
the form and the concrete, shrinkage of the concrete and perhaps partially

to the deflection of the form under lateral pressure.

6.3 The Effect of Internal Vibration on the Lateral Pressure of Concrete

on Formwork

As shown in Table 6.1 tests were carried out to study the
effects of various parameters of vibration on the lateral pressure of

concrete. This effect was commented upon by both the ACI and CIRIA as
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significant. The importance of this effect can also be understood from
the experimental data reviewed by Rodin and initially conducted by the
Bureau of Public Roads, according to which if concrete is externally
vibrated throughout the depth of the form, the concrete would retain its
fluidity even with a slump as low as 1-1/2 inches exhibiting hydrostatic

pressure.

To analyse the effect of internal vibration with the effective
parameters taken into consideration being power of the vibrator, con-
tinuity of vibration and the depth of immersion of the vibrator head, the
pressure values achieved by the cells installed at 1 foot and 3 feet above
the bottom of the formwork are plotted against the head of concrete in
Figures 6.25 and 6.26, respectively. The maximum design pressures measured
under the various conditions of vibration under 14 feet head of concrete
are illustrated as bi-linear curves, with an initial line tangent to the
measured pressure envelope at the origin and tangent to the maximum
pressure, in Figures 6.27 and summarized in Table 6.2. All the initial
tangents in the bi-linear curves shown in Figure 6.27 tend to the line of
hydrostatic pressure. In discussion of the results concrete pressure is
expressed in terms of head of hydrostatic concrete with a unit weight of

150 lbs/ft3.

From these results it is evident that generally the cumulative
effect of the three parameters of vibration taken into consideration in-
crease the lateral pressure exerted by the concrete. The concrete pressure
is observed to have increased from a maximum value of 740 psf achieved by
a vibrator of 1 H.P., duration of vibration 30 seconds and vibrator head

immersed to a depth of 2 feet at a concrete temperature of 71°F to a
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maximum value of 1715 psf with a vibrator of 2.5 H.P., duration of
vibration 2.5 minutes and vibrator head immersed 1 metre at a concrete
temperature of 54°F, which is an increase equivalent to 6.37 ft head of
concrete, it must be pointed out that in this increase of pressure the

drop in temperature from 71°F to 54°F would also be a participant.

In order to analyse the effects of the different parameters of

vibration more closely it is convenient to examine them separately.

a) The Effect of Power of Vibrator

During this investigation 1 H.P. and 2.5 H.P. vibrators were
utilized. The effect of the power of the vibrator can be visualized from
the plots shown in Figures 6.25, 6,26, 6.27 and 6.28 which include the bi-
linear curves giving maximum concrete pressures; the maximum pressure values
and the equivalent hydrostatic depths of concrete achieved are given in

Table 6.2.

During test No. 1 conducted with the vibrator of 1 H.P., 30
seconds duration of vibration per 2' lift of concrete, vibrator head
immersed 2 feet into the concrete and a concrete mix temperature of 71°F
the maximum pressure measured was 740 psf or 4.85 feet of fluidized depth
of concrete from the surface behaving hydrostatically. Test No. 9 carried
out with the vibrator power increased to 2.5 H.P. and keeping the other
parameters constant, shows the maximum pressure as 1112 psf or a fluidized
depth of concrete of 7.26 feet. These tests indicate an increase in

pressure equivalent to 2.43 feet of concrete head.

Test No. 2 and Test No. 10 were carried out with 1 H.P. and 2.5

H.P. vibrators, respectively, the concrete vibrated 2.5 minutes for every



TABLE 6.2 Analysis of Experimental:Results

Power Duration -~ Depth Max Design Percent
Test Ambient Conc of of of Pressure Hydro- Increase
No Temp Date Temp Vibrator. Vibration Vibrator (Pm) static of
°F °F H.P. min feet psf Concrete Test
Depth ft* No. 1
1 71 26.,08.77 71 1 0.5 2 740 4,93 0
2 71 28.07.77 74 1 2.5 2 800 5.3 8.1
3 71 31.08.77 71 1 3.5 2 990 6.6 33.8
4 74 04.08.77 78 1 5.0 2 725 4.8 -2.0
5 71 19.08.77 71 1 . 0.5 3.25 940 6.30 27.0
6 73 09.08.77 75 1 2.5 3.25 950 6.27 28.4
7 71 02.09.77 72 1 3.5 3.25 960 6.30 29,7
8 67 12.08.77 68 1 5.0 3.25 1000 6.7 35
9 73 06.07.77 73 2.5 0.5 2.0 1112 7.41 50
10 61 28.10.77 65 2.5 2.5 2.0 1300 8.7 75.8
11 61 13.10.77 62 2.5 0.5 3.25 1275 8.5 72,3
12 59 20.10.77 54 2.5 2.5 3.25 1715 11.41 13.2
13 58 22,12.77 48 1 0.5 3.25 1380 9.20 86.5
14 54 25.11.77 54 2.5 2,5 2 2050 13.67 177
15 40 07.12.77 47 2,5 0.5 3.25 1840 12.30 149
16 37 14,12.77 66 1 0.5 3.25 1000 6.70 35.1
17 46 22.03.78 54 1 0.5 3.25 944 6.3 27.6
18 75 21.07.77 76 1 0.5 2 615 4.1 -16.9
*Hydrostatic depth = max. pressure (ft)

150

_9L-
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2 feet increase in concrete depth, the vibrator head immersed 2 feet

into concrete and the temperature of the concrete mixes recorded at 74°F
and 61°F, respectively. The maximum pressures recorded were 800 psf in
Test No. 1 and 1300 psf in Test No. 10 and the hydrostatic depths of con-
crete 5.33 feet and 8.67 feet, respectively, from the surface. This

shows an increase of 500 psf in pressure which is equivalent to a concrete
head of 3,33 feet. It is important to note that in Test No. 10 the tempera-
ture could not be maintained at 74°F and the increase in pressure, al-
though mainly attributed to parameters of vibration, was partially due

to the influence of temperature changes.

In Table 6.2 and Figure 6.28b, Test Nos. 5 and 11 are shown to
exhibit pressures of 940 psf and 1275 psf, respectively, all variables
kept constant except the vibrator power increased from 1 H.P. to 2.5 H.P.
The increase in pressure was observed to be 335 psf, equivalent to 2.19 ft
of concrete head and the fluidized depth of concrete, exhibiting linear

pressure was increased by 2.15 ft from the surface.

A similar comparison can be made between Test Nos. 6 and 12
shown in Figure 6.29b which shows an increase of pressure from 950 psf to
1715 psf which is equivalent to 5.1 ft head of concrete and the fluidized
depth of concrete increased by 4.95 ft. The increase in pressure by an
equivalent concrete head of 5.1 ft can be explained as a contribution of
both an increase in the power of the vibrator and the drop in temperature

of the concrete mix.

Many previous investigators including Rodin, Kinnear (CIRIA)

and Teller have stressed the importance of vibration in the development
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of concrete pressure, but there does not exist any published data avail-
able which specifically comments upon the effect of the power of the
vibrator. From the above discussion it is obvious that an increase in
the power of the vibrator, used for compaction of the concrete, increases
the depth of hydrostatic pressure and the maximum pressure significantly.
Figure 6.34 illustrates the relation between the power of vibrator and

the percent of hydrostatic pressure.

b) The Effect of Duration of Vibration

Experimental tests were conducted to determine the variation of
lateral pressure of concrete on the form with varying durations of vibra-
tion and the results measured are given in Table 6.2. A comparison of the
effect of the different levels of vibration duration on the concrete

pressure envelopes is illustrated in Figures 6.25, 6.26, 6.27 and 6.29,

In Figures 6.25 and 6.26 the pressures Theasured 1 ft and 3 ft
above the bottom of the formwork, under varying concrete heads and vibra-

tion parameters, are compared.

Figures 6.27 and 6.29 illustrate the comparison between the bi-
linear pressure curves obtained under varying durations of vibration. It
is observed that the lowest duration of vibration exhibits the lowest
pressure and the increase in vibration time tends to increase the concrete

pressure.

Comparing Test Nos. 1, 2, 3 and 4 in Table 6.2 graphically
illustrated in Figures 6.1, 6.2, 6.3, 6.4 and the results compared in

Figures 6.27 and 6.29. It is obvious that with a 1 H.P. vibrator and the
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head of the ¥ibrator immersed 2 ft into the concrete, varying the duration
of vibration from 0.5 minutes, 2.5 minutes, 3.5 and 5 minutes per 2' 1lift

of concrete under a temperature range of 71°F to 78°F, shows a general trend
of an increase in concrete pressure up to an optimum limit of 3.5 minutes
vibration, thereafter a drop in pressure is observed. The increase in
pressure was recorded from 740 psf with 0.5 minutes of vibration to 990 psf
with 3.5 minutes of vibration, which is equivalent to 1.63 £t of concrete
head, and the drop in pressure equivalent to 1.73 ft of concrete head was
observed by increasing the vibration period from 3.5 minutes to 5 minutes.
This significantly shows that up to a certain limit the duration of vibra-~

tion is effective in destroying the shearing strength of the concrete.

It is of interest to note that the effect of the duration of
vibration on pressure in the case of a 1 H.P. vibrator immersed 1 metre
into the concrete is insignificant. The results of these Test Nos. 5, 6,
7 and 8 are illustrated in Figures 6.5, 6.6, 6.7, 6.8 and the results
compared in Figures 6.25, 6.26, 6.27 and 6.29. In Table 6.2 the results

of these tests are summarized.

Similar tests were conducted with the 2.5 H,P. vibrator and the
results are summarized in Table 6.2 as Test Nos. 9, 10, 11 and 12. These
tests are graphically represented in Figures 6.9, 6.10, 6.11 and 6.12 and
the results compared in Figures 6.25, 6.26, 6.27 and 6.29. It is observed
that with the 2.5 H.P. vibrator and the vibrator head immersed 2 ft the
pressure increases by an equivalent concrete head of 1.2 ft by increasing
the duration of vibration from 0.5 minutes to 2.5 minutes under a tempera-

ture range of 65°F and 73°F.
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A pressure increase equivalent to 2.9 ft head of concrete is
observed in Test Nos. 1l and 12 conducted with a vibrator of 2.5 H.P.,
and the vibrator head immersed to 1 metre into the concrete, when the

duration of vibration is varied from 0.5 minutes to 2.5 minutes.

It must be pointed out that with an increase in the duration of
vibration the depth of initial linearity of the lateral pressure envelope
of the concrete is also increased, this is illustrated in Figures 6.25,

6.26, 6.27 and 6.29.

It can be summarized that the pressure increased up to an
optimum level of duration of vibration and there is either a drop in
pressure or no further increase in pressure with increase in vibration
time. This phenomenum was also observed by Ritchie (15). Ritchie carried
out tests on cement mortars and concrete, varying the continuity of vibra-
tion, and concluded that the maximum concrete pressure occurred at 25 per-
cent continuity of vibration; an increase in the continuity of vibration

beyond this limit resulted into reduced pressure.

c) The Effect of Depth of Immersion of Vibrator

The effect of the depth of immersion of the vibrator head into
the concrete, on the concrete pressure is obvious from the results of
Test Nos. 1 to 12 summarized in Table 6.2 and graphically represented in
Figures 6.1 to 6.12. These results are compared in Figures 6.25, 6.26, 6.27
and 6.31. From Figures 6.3la and 6.31b it can be concluded that by in-
creasing the depth of the vibrator head immersion there is a general trend

of increase in concrete pressure, and depth of linearity of the pressure
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envelope. It is observed, by comparing Test Nos. 1 and 5 that with a
vibrator of 1 H.P. keeping the duration of ¥ibration constant at 0.5
minutes for every 2 ft increase in head of concrete and varying the
vibrator head immersion from 2 ft to 1 metre, the maximum concrete pressure
increases from 740 psf to 940 psf, which is an increase equivalent to 1.31
ft of concrete head and the depth of linearity of the pressure envelope is

increased by 1.4 ft.

Comparison of Test Nos. 2 and 6, performed with a 1 H.P. vibrator
duration of vibration 2.5 minutes, temperature 74 to 75°F and the vibrator
head immersion increased from 2 ft to 1 metre (3.25 ft) show an increase
of concrete pressure equivalent to 0.98 ft of concrete head.and the depth
of linearity of the pressure envelope increased by 0.9 ft. This is

illustrated in Figure 6.31.

By comparing Test Nos. 3 and 7, performed with a 1 H.P. vibrator,
the duration of vibration maintained at 3.5 minutes, temperature of the
concrete mix kept between 71°-72°F., and the depth of the vibrator head
varied as in the previous tests, it is observed that there was no major

difference in pressure.

Comparison of Test Nos. 4 and 8 show that with a vibrator of 1
H.P., temperature of mix at 78°F and 68°F, respectively, vibration dura-
tion 5 minutes and depth of vibrator head immersion increased from 2 ft
to 1 metre shows a difference in pressure equivalent to 1.8 ft of concrete
head. The unexpectedly high difference in pressure observed between Test
Nos. 4 and 8 can be explained as due to the development of shear strength

in Test No. 4 due to the high temperature of the concrete mix.
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Similar tests carried out with the 2.5 H.P. vibrator, sum-—
marized in Table 6.2 and illustrated in Figure 6.31 show a definite
increase in pressure by changing the depth of vibrator immersion from
2 ft to 1 metre. Comparing Test Nos. 9 and 11 shows a pressure increase
equivalent to 1.1 ft of concrete head. When comparing Test Nos. 10 and
12 an increase in pressure equivalent to 2.7 ft of concrete head is
observed. It must be noted that in this case part of the increase in
pressure must be attributed to the 11°F drop in temperature of the concrete

mixes, which could not be controlled due to severe weather conditions.

The above discussion evidently indicates that increase in the
immersed depth of the vibrator head increases the influence of vibration
and this effect is true for both 1 H,P. and 2.5 H.P. vibrators and is
significant up to 2.5 minutes duration of vibration. Figure 6.35
illustrates the relation between depth of vibrator immersion and the

pressure expressed in terms of percent of hydrostatic pressure.

6.4 Temperature Effects on the Lateral Pressure of Concrete on Formwork

In order to investigate the effect of temperature on the lateral
pressure of concrete seven tests were performed in moderately cold and
extremely cold weather; three of these tests were rejected. The
pressures recorded are plotted against the elevation of the formwork in
Figures 6.13a to 6.17a and the same information is plotted against the
head of concrete in Figures 6.13b to 6.17b, The maximum pressures are

summarized in Table 6.2.

Figures 6.25 to 6.27 illustrate comparison between the pressure

envelopes achieved from different tests. In Figure 6.32 the maximum
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pressures achieved from Test Nos, 5, 10, 11, 13, 14, 15, 16 and 17 are
compared. Test Nos. 5 and 13 were performed with the 1 H.P. vibrator,
0.5 minutes duration of vibration, and vibrator head immersed 1 metre
into the concrete during the process of internal vibration; the tempera-
ture of the concrete mix was recorded during the tests. It is observed
in Figures 6.5, 6.13 and 6.32 that the maximum pressures achieved during
these tests at concrete temperatures of 71°F and 48°F are 940 psf and
1380 psf, respectively, which is an increase of pressure equivalent to

2.9 ft of head of concrete.

Comparison of Test Nos. 10 and 14 illustrates an increase of
pressure equivalent to 4.9 ft head of concrete by reducing the temperature
from 65°F to 54°F, with a vibrator of 2.5 H.P., duration of vibration 2.5
minutes and the vibrator head immersed 2 ft into the concrete. These
tests are illustrated in Figures 6.10, 6.14 and 6.32. Observing Figure
6.14b it is evident that the pressure recorded by Cell A, located 1 ft
above the bottom of the formwork, between 11 ft and 15 ft head of concrete
shows a deviation from the generally expected pattern of the pressure.
This could be attributed to outward deflection of the rigid form at the
top, resulting in an inward movement of the form at the base, thus sub-

jecting the bottom cell to passive pressure.

Comparison of Test Nos. 11 and 15 show an increase in pressure
equivalent to 3.7 ft of concrete head, by a reduction of the temperature
of the concrete mix from 62°F to 47°F., with a 2.5 H.P. vibrator, immersed
1 metre into concrete and the coneérete vibrated for 0.5 minutes.

To confirm this effect of temperature of the concrete mix on
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the pressure of concrete, Test Nos. 16 and 17 were performed in cold
weather with the concrete mix heated to 66°F and 54°F. These are shown
in Table 6.2 and the results illustrated in Figures 6.16, 6.17 and 6.32,
It is observed that these tests are comparable to Test No. 5 which had

approximately the same concrete temperature.

From the comparison of the above results shown in Figure 6.32
it is evident that the temperature of the concrete is a significant factor
influencing the pressure of concrete and the ambient temperature is
important only to the extent of its effect on the temperature of the

concrete mix.

From the above discussion, although based on insignificant
experimental results, it can be concluded that the temperature of concrete
mix is a very significant factor in the magnitude of concrete pressure.
However, the importance of this factor is interrelated to the parameters

of vibration.

6.5 Comparison of the Maximum Measured Pressures with the ACI and CIRIA

Recommendations for the Lateral Pressure of Concrete

The results achieved from the current investigation are compared
to the standard values of concrete pressure predicted by ACI Committee 347
and CIRIA and the comparisons are shown in Figures 6.1 to 6.17 and sum-

marized in Table 6.3.

ACI 347-68 specifies the design pressures to be used be the

least of the pressures given by the following



TABLE 6.3 Comparison of Concrete Pressures Recommended by

CIRIA and ACI with Experimentally Achieved Pressures

Continuity Rate Temp Concrete Pressures (psf)
Test of of of
No Vibration Pour Mix CIRIA CIRIA Experi-
% ft/hr (°rm 150 h ACI Arching Stiffening mental
Criteria Criteria Results
1 8.3 20 71 2100 2685 1250 1975 740
2 42 20 74 2100 2582 1250 1937 800
3 58 20 71 2100 2685 1250 2033 990
4 83 20 78 2100 2458 1250 1939 725
5 8.3 20 71 2100 2685 1250 2288 940
6 42 20 75 2100 2550 1250 2012 950
7 58 . 20 72 2100 2650 1250 2287 960
8 83. 20 68 2100 2797 1250 2083 975
9 8.3 20 73 2100 2616 1250 1936 1112
10 42 20 65 2100 2919 1250 2077 1300
11 8.3 20 62 2100 3053 1250 2090 1275
12 42 20 55 2100 2423 1250 2135 1715
13 8.3 20 48 2100 3900 1250 2141 1380
14 42 20 54 2100 3483 1250 2135 2050
15 8.3 20 47 2100 3980 1250 2141 1840
16 83" 20 66 2100 2877 1250 2051 1000
17 8.3 20 57 2100 3308 1250 2117 944

_gg_
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P = 150 + 9000-11,3

m
P =150h (6.1)
Pm = 3000 psf

where Pm is the maximum design pressure (psf)

R is the rate of pour in ft/hr
T is the temperature of the mix in AF

h is the head of concrete in feet.

If concrete behaved hydrostatically, the maximum pressure pre-

dicted by ACI under 14 ft head of concrete would be 2100 psf.

The pressure values predicted by the ACI, for concrete poured
at 20 ft/hr and temperatures ranging between 70°F and 80°F, when compared
to the results of Test Nos. 1 to 7 in Table 6.3 conducted with a 1 H.P.
vibrator, show that the measured maximum pressures fall far below those
given by ACI 347-68; the pressure differences are noted to vary from 127

to 210 percent of the pressure measured experimentally.

Comparing Test No, 9, conducted with the 2.5 H.P. vibrator at
73°F, to ACI 347-68 it is observed to provide a 1112 psf pressure against

the predicted pressure of 2100 psf.

Test No. 8, conducted at 68°F with a 1 H.P. vibrator, gave a

pressure of 1000 psf against the predicted value of 2100 psf.

Comparison of Test Nos. 8, 10, 11 and 16 conducted under different
parameters of vibration and the concrete mix temperature ranging between
60 and 70°F, it is observed that the maximum pressure achieved is 1300 psf

with a vibrator of 2.5 H.P., duration of vibration 2.5 minutes and immersed
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to a depth of 1 metre into the concrete, against a predicted pressure

of 2100 psf.

Test Nos. 12, 13, 14, 15 and 17 conducted at low temperature
ranging between 47°F and 54°F show a maximum pressure ranging between
944 psf and 2050 psf. TFrom these tests it is obvious that the maximum
pPressures obtained show a tendency towards the hydrostatic pressure of
concrete, and it is reasonable to assume hydrostatic design pressures
under severe test conditions, taking into account both low concrete

temperature and the most severe parameters of vibratiom.

The above discussion indicates that the pressures calculated
using the hydrostatic pressure of concrete agrees well with those measured
for temperatures below 60°F. However, the pressures calculated using

Equation 6.1 are conservative, sometimes excessively so, in all cases.
The pressure values given by the pressure formula
P_ = 150 + 9000 & (6.1)
m T "
are highly influenced by the rate of pour of concrete and are unreasonably
high for higher rates of pour.

CIRIA identifies two limiting criteria for the calculation of
the pressure of fresh concrete against formwork; the criteria giving the
lower pressure to be used. As a design aid CIRIA produced the chart

shown in Figure 2.18 which plots both criterias on one set of coordinates.

Stiffening Criteria

DORE | 12(8-R) (6.2)

. Y
1+ u(t/tmax)
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Arching Criteria
P=2300+50d+ 20R (6.3)

where P is the pressure in pounds per square foot
d is the minimum sectional dimension of the form
R is the rate of pour in ft/hr
A is the density of concrete (1b/ft3)
t is the time from the commencement of placing (hours)
t is the stiffening time of the concrete (hours)

C is the factor depending on the workability of the concrete
and the continuity of vibration.

CIRIA recommends use of the minimum pressure calculated from
the Stiffening and Arching Criterias stated in Equations 6.2 and 6.3
respectively with an additional 200 psf surcharge to allow for impact
for all structures. The calculations in Table 6.3 do not include the

surcharge.

In the Stiffening Criteria the factors considered important
by CIRIA are the temperature of the concrete mix, rate of pour, slump
and continuity of vibration but factors not taken into account are the

power of the vibrator and the depth of immersion of the vibrator head.

The maximum concrete pressures achieved experimentally are
compared to the pressures predicted by the Stiffening Criteria in
Table 6.3. For times less than t ax Equation 6.2 degrades to the hydro-
static condition which gives good agreement for concretes poured at low
temperatures in Test Nos. 12, 14 and 15. In general, the Stiffening
Criteria provides higher pressures which are in no way comparable to the

experimentally achieved pressures.
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The Arching Criteria considers the thickness of the form and
the rate of pour as the only significant variables contributing to the
concrete pressure. This criteria does not take into account the tempera-
ture of the mix or the parameters of vibration. The pressures achieved
experimentally and calculated from the Arching Criteria are compared in
Table 6.3. It is is observed that the Arching Criteria does not show
any variation in pressure with change in temperature or the parameters
of vibration. It is evident that the concrete pressures given by the
Arching Criteria at concrete temperatures ranging above 68°F and rate of
pour 20 ft/hr are close to the experimental results but this criteria is
not conservative in the case of concrete poured at low temperatures.
Consequently, any form structures designed according to this criteria, as
recommended by CIRIA, for cold weather conditions could result in

dangerous failures.

The design form pressures postulated by ACI 347-68 are con-
sistently conservative, and sometimes excessively conservative, and can

be used with confidence.

The design form pressures postulated by the CIRIA Arching
Criteria are too low for low temperatures and hence should not be used.
The CIRIA Stiffening Criteria degenerates to the hydrostatic criteria
for times less than the stiffening times of the concrete. The stiffening
times given in CERA Report No. 1 are too long for the concretes used in

these tests.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

In view of the results achieved by previous investigators and
the detailed discussion made in Chapter 6, the following conclusions
can be drawn:
1. For design purposes the lateral pressure distributions of
freshly poured vibrated concrete can be represented by a bi-linear curve,
i.e., the lateral pressure is equal to the hydrostatic pressure of con-
crete up to a maximum value and thereafter may be considered constant at

this maximum value.

The actual pressure envelope is characterised by a linear
relationship of pressure with depth tending to hydrostatic.up to a certain
maximum value and then followed by a parabolic curve. The deviation of
pressure from the linear pressure line can be attributed to a number of
causes which include stiffening and arching effects, friction between the
form surface and concrete, settlement of the concrete, bleeding and water

absorption by aggregates.

3. The vertical force acting parallel to the height of the form-
work, which is comparable to the shear force, is inversely related to the
normal force acting on the face of the form. This shear force can be
attributed to the settlement or shrinkage of the concrete and friction be-

tween the concrete and the face of the formwork.

4. Vibration and its parameters have a very significant effect on
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the lateral pressure of concrete and its magnitude 1is governed
by this factor.

4.1 The power of the vibrator contributes significantly to
the lateral pressure of concrete and pressure increase in different tests,
equivalent from 2 ft to 5 ft of concrete head has been recorded by an in-
crease in the power of vibration from 1 H.P. to 2.5 H.P. Although some of
this increase in pressure can be attributed to the drop in temperature of
the mix, however the major increase, undoubtedly, has been due to the

variation in the power of the vibrator.

4,2 The duration of vibration, which has also been termed as "time
of application of effort per unit volume placed'" has been observed to be
a significant factor influencing the lateral pressure of concrete. An
Increase iIn the duration of vibration increases the lateral pressure of
concrete but this factor 1s effective only up to a certain limit after
which any further increase iw the duration of vibration results into
elther a constant value of maximum pressure or a drop in pressure. This
optimum value of the duration of vibration exists between 3.5 minutes (58

percent) and 5 minutes (83 percent) per 2 ft 1lift of concrete level.

From this investigation it is concluded that the increase in
the duration of vibration can increase the concrete pressure of the order

equivalent to a concrete head of 3 ft.

4.3 An increase in the depth of immersion of the vibrator head will
increase the lateral pressure of concrete, this increase in pressure was
determined to vary between 9 to 14 percent of hydrostatic pressure or 1ft

to 2.7 ft of equivalent concrete head, by an increase in the depth of
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vibrator head immersion from 2 ft to 1 metre. This is illustrated
in Figure 6.35. [It can also be concluded that a maximum of 117 increase
in pressure can be obtained by increasing the depth of immersion of the

vibrator by 1 ft.]

5. The temperature of the concrete has a significant effect on the
lateral pressure of concrete. A major fall in temperature gives rise to
a significant increase in lateral pressure exerted by the concrete.
Extremely cold temperatures distinctly contribute to the development of
hydrostatic pressure throughout the mass of concrete depending on the
height of the formwork. An increase of pressure equivalent to 20-40 per-

cent of the hydrostatic pressure can be expected by dropping the concrete

temperature from warm éirca (70°F) to very cold circa (45°F).

6. The pressure formulae recommended by the American Concrete
Institute in the ACI 347-68, are over comservative in respect of high

rates of pour.

For the head of concrete available in these tests the maximum
pressures under low temperatures are comparable to the hydrostatic case
recommended by ACI 347-68. However, the maximum pressures given by the
limiting condition of ACI 347-68 are extremely conservative. A major
problem in the ACI limiting criteria is that it is too sensitive to the

rate of pour.

7. The recommendations to determine the lateral pressure of con-

crete provided by CIRIA are influenced predominantly by the arching limit



- 93 -

criteria and the recommended design pressures provided could be useful
at moderate concrete temperature conditions but cannot be applied for

concrete at low temperatures.

CIRIA's Stiffening Criteria is conservative and provides
pressures which are significantly high for higher rates of pour. The
stiffening time factor assumed by this criteria does not provide

realistic values and the following expression, for t = tmax’

150 x R x toax

gives excessively lare pressures when compared to those obtained from

expression 2.24,

The CIRIA Stiffening Criteria is directly related to rate
of pour which is not justified when compared to the data of Rodin and

Adam.
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FIG.218 PRESSURE DESIGN CHART

(CERA REF Q)
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FIG 47a(11) GENERAL VIEW OF FORMWORK
FROM TOP
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TABLE 4.1 Details of Rigid Steel Formwork
(Refer to Fig. 4-1b)

Index No. Description

1 Front face (2-15" channel sections and 1'6" channel
sections).

2,3 Side faces, 12" channel section each, bolted to '5'.
4x4 WF Beam, welded to back of 'front face'.

4x4 WF Beam, hinged to '4', holding the 'side face' in
vertical position.

6 Movable back face.

7 6x6 WF Beams, various lengths.

8 6x6 WF Beams, all the 5 load cells are mounted to it.
9 Pressure measuring device - load cell

10 6x6 Box section, welded to the back of front face, forming
part of the supporting collar.

11 6x6 Box section, joining the movable part of the supporting
collar, can be moved to the desired position ‘'a', 'b', 'c'
or 'd' according to the desired form thickness.

12 Jack, trade mark 'ENARPAC-RC-102', 10 tons capacity and
2-1/8" stroke.

13 Supporting threaded rods.

14 Pull out threaded rods.

15 6" channel section, part of the supporting collar.

16 Threaded rod, holding the side faces from opening up while

concreting, rod has to pass through each side face of each
side at position of 'a', 'b', 'c¢' or 'd' according to form
thickness.

Position for 6" thickness 6f the form.

Position for 9" thickness of the form.

Position for 12" thickness of the form.

[~ VRN « TN - Y

Position for 18" thickness of the form.
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FIG 41b(i)) GENERAL VIEW OF FORMWORK
FROM TOP AFTER CONCRETE
IS POURED
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FIG.42 STRAIN GAUGES ON
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FIG 45b GENERAL VIEW OF CAMBRIDGE
CELL WITH FACEPLATE
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FI1G.4-6 NORMAL STATIC LOAD
CALIBRATION OF THE CELL
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CONCRETE LEVEL AND CELLS LOCATION

(CELL NO.)
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CONCRETE LEVEL AND CELLS LOCATION

; TEST NO 2
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CONCRETE LEVEL AND CELLS LOCATION
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CONCRETE LEVEL AND CELLS LOCATION
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+ PRESS.FR CELL 4
A PRESS FR CELL 5

Z- HYDROSTATIC LINE

FIG.64 b RELATION BETWEEN PRESSURE & CONC. HEAD



CONCRETE LEVEL AND CELLS LOCATION

o (FT)

- TEST NO 5
\ DATE 19.8.77
144 N S PECIF | ED CONC. STRENGTH 4000 PSI
~ NN AVERAGE CONC. STRENGTH 4456 PSI
213 N AV ERAGE SLUMP 25 INCH
- N\ FORM THICKNESS 11 INCH
wiz_ N\ RATE  OF CONC. POUR 20 FT/HR
~ N POWER OF VI BRATOR 1 HP
11 PERIOD OF VI BRATION 2.5 MIN
« DEPTH OF VIBRATOR IMMERSION 1 METRE
10 ~ CONC. TEMPERATURE 71 °F
AMBIENT TEMPERATURE 71 °F
Ss_ o N
S _ NS '
N —
4 7— 0 O N 3
N ]
6. \
3 5_ Q O R Q
4_
23_ > “‘
2 (
1 1_\0 O e 0 O
L L1 L0 I N SR N N S DU R R 1
200 400 600 8 00 1000 1200 1400 1600 1800 2000 2200
FIG. 6.5 a CONCRETE PRESSURE (PSF)
- M PRESSURE DEVELOPED AT VARIOUS CONC, LEVELS [N FORM
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CONCRETE HEAD (FT)
o © gy o 1)
] ] | 1 | |
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13

14 _]

CONCRETE PRESSURE (PSF)
200 400 600 800 1000 1200 1400 1600 1800 2000 2200

! { I | I 1 I T T T | | T | | T T T T T T I 1
TEST NO. 5
DATE 19.8 .77
SPECIFIED CONC, STRENGTH 4000 PSI
AVE CONC.STRENGTH 4456 PSI
AVE. SLUMP 25  INCH.
FORM THICKNESS 11 INCH.
RATE OF POUR 20 FT/HR
POWER OF VIBRATOR 1 H.P
PERIOD OF VIBRATION 30 SECS
DEPTH OF V! B. IMMERSION 1 METRE &
CONC. TEMPERATURE 71 °F =
AMBIENT TEMPERATURE 71 °F ‘T

e« PRESSURE FR CELL1 +
x PRESSURE FR CELL 2
O PRESSURE FR CELL 3

PRESS.FR CELL 4

A PRESS FR CELL S

Z- HYDROSTATIC LINE

FIG.6:5 b RELATION BETWEEN PRESSURE & CONC. HEAD



CONCRETE LEVEL AND CELLS LOCATION

o (FT)

i, TEST NO 6
DATE 9.8.77
14_] SPECIFI1ED CONC. STRENGTH 4000 PS|
~ AVERAGE CONC. STRENGTH 4439 PS|
Qa3 AVERAGE  SLUMP 25 LNCH
¥ FO RM THICKNESS 11 INCH
w12 RATE OF CONC. POUR 20 FT/HR
< POWER OF VI BRATOR 1 HpP
11_] PERIOD OF VI BRATION 2.5 MIN
DEPTH OF VIBRATOR IMMERSION 1 METRE
10_] CONC. TEMPERATURE 75 °F
AMBIENT TEMPERATURE 73 °F
59._
8 _
4 7_
G._
35_
4_
2 3_.. [v] aB O . w
2 \
=
1 1__ ) o . 2 DO “ g
! ] ] l L | 1 | | | | 1 1 1 | | | | 1 ! ]
200 400 600 8 00 1000 1200 1400 1600 1800 2000 2200
CONCRETE PRESSURE (PSF)
FIG. 6'6 a PRESSURE DEVELOPED AT VARIOUS CONC, LEVELS IN FORM
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CONCRETE PRESSURE (PSF)
200 400 €00 800 1000 1200 1400 1600 1800 2000 2200
i | | | 1 1 | 1 1 ] 1 | 1 1 | | | 1 I 1 { | L
1]
TEST NO. 6
2 DATE 9.8.77
—~ SPECIFIED CONC, STRENGTH 4000 PSI
| 3 AVE. CONC.STRENGTH 4439 Pst
L " + AVE. SLUMP 2.5 INCH.
~a FORM THICKNESS 11 INCH.
O | RATE OF POUR 20 FT/HR
<s POWER OF VIBRATOR 1 H.P
N - PERIOD OF VIBRATION 25 MIN
Te DEPTH - OF VI B. IMME RSION 1 METRE !
- A CONC. TEMPERATURE 75°F E
5 AMBIENT TEMPERATURE 73°F ,
'_L::l - « PRESSURE FR CELL 1 + PRESS.FR CELL 4
x PRESSURE FR CELL 2 RESS FR CEL
] 8 — / @ PRESSURE FR CELL 3 & PRESS. LS
xx
O 2-
=
O 10
Q
11 _
- HYDROSTATIC LINE
12
13 _
14 _|

FIG.66 b RELATION BETWEEN PRESSURE & CONC. HEAD



CONCRETE LEVEL AND CELLS LOCATION

-/

-
N

!

(CELL NO)

b
-

10

1 | l

TEST NO

DATE

SPECIF | ED CONC, STRENGTH
AVERAGE CONC. STRENGTH
AV ERAGE SLUMP

FORM THICKNESS
RATE OF CONC. POUR
POWER OF VIBRATOR
PERIOD OF V| BRATION

DEPTH OF VIBRATOR IMMERSION

CONC. TEMPERATURE
AMBIENT TEMPERATURE

200 400

FIG.6-7 a

€00 8 00 1000

1200

1400 1600 1800 2000

CONCRETE PRESSURE (PSF)
PRESSURE DEVELOPED AT VARIOUS CONC, LEVELS

7
2.9.77
4000 PSSl
3820 PSI
2:5-3 INCI

1 INCH

20 FT/H

1 H.P
3.5 MIN

1 METRE

72 °fF
.71 °F

!

'—I

~J

=t

]
1 _l i

2200

IN FORM
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CONCRETE PRESSURE (PSF)
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
i | ! 1 I I I ) I T T T T T | T I T T | T I 1
1]
a TEST NO. 7
2 DATE 2.9.77
P SPECIFIED CONC. STRENGTH 4000 PS!
— a AVE. CONC.STRENGTH 3820 PSI
b 7 AVE. SLUMP 25-3 [NCH.
4 FORM THICKNESS 11 INCH.
0 RATE OF POUR 20 FT/HR
POWER OF VIBRATOR 1 H.P
<{ 5 _|
N PERIOD OF VIBRATION 35 MIN
T s DEPTH OF VI B. IMME RS ION 1 METRE,
] CONC. TEMPERATURE 72 °F o
, AMBIENT TEMPERATURE 71 °F !
E - . PRESSURE FR CELL 1 + PRESS.FR CELL 4
x PRESSURE FR CELL 2 R
L) 8 - @ PRESSURE FR CELL 3 A PRESS.FR CELL 5
e
QO °4 ,
=
O 10
Q
1 _]
- HYDROSTATIC LINE
12 _]
13 _|
14 _ \

FIG.67 b RELATION BETWEEN PRESSURE & CONC. HEAD



CONCRETE LEVEL AND CELLS LOCATION

o (FT)

- TEST NO 8
DATE 12.8.77
14— SPECIFIED CONC, STRENGTH 4000 PSI
~ AVERAGE  CONC. STRENGTH 4492 PS|
Qi3 AVERAGE SLUMP 2:5-3 INC
- FORM THICKNESS M INC
3‘2-— RATE OF CONC. POUR 20 FT/k
~ POWER OF VIBRATOR 1 H.P
LRI PERIOD OF VI BRATION 5  MIN
DEPTH OF VIBRATOR IMMERSION 1 METRE
10 CONC. TEMPERATURE 68 °F
AMBIENT TEMPERATURE €7 'F
S9_] ) N\
N
8 _ N |
™ =
47| . < 4 &
H
\
N
! ] | | | l l l | ] ! L ] L | 1 l | L ] ]
200 400 600 8 00 1000 1200 1400 1600 1800 2000 2200
| a CONCRETE PRESSURE (PSF)
FIG.6:8 A  prESSURE DEVELOPED AT VARIOUS CONC. LEVELS IN FORM

)
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CONCRETE PRESSURE (PSF)
200 400 €00 800 1000 1200 1400 1600 1800 2000 2200
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TEST NO. 8
DATE 12.8.77
SPECIFIED CONC. STRENGTH 4000 Psli
AVE. CONC.STRENGTH 4492 Psy
AVE. SLUMP 25-3 INCH.
FORM THICKNESS 11 INCH.
RATE OF POUR 20 FT/HR
POWER OF VIBRATOR 1 H.P
PERIOD OF VIBRATION 5 MIN
DEPTH OF V!B, IMMERSION 1 METRE'L
CONC. TEMPERATURE 68 °F P
AMBIENT TEMPERATURE 67 °F I

« PRESSURE FR CELL 1
x PRESSURE FR CELL 2
@ PRESSURE FR CELL3

+ PRESS.FR CELL 4

A PRESS FR CELL S

- HYDROSTATIC LINE

FIG.6:8 b RELATION BETWEEN PRESSURE & CONC. HEAD



CONCRETE LEVEL AND CELLS LOCATION

o (FT)

(CELL NO)
Y
|

-—b
-t

TEST NO

DATE

S PECIF I ED CONC. STRENGTH
AVERAGE CONC. STRENGTH
AV ERAGE sLUMP

FORM THICKNESS
RATE OF CONC, POUR
POWER OF VI BRATOR
PERIOD OF VI BRATION
DEPTH OF VIBRATOR IMMERSION
CONC. TEMPERATURE
AMBIENT TEMPERATURE

| | ] 1 | ] 1 | | | |

9

6.7.77
4000 PSI
4620 PS)
2'5-3INCH
11 INCH
20 FT/HR
25 H.P
30 SECS
2 FT
73 °F

73 °F

- G/1 -

FIG. 69 a

1000 1200 1400 1600 1800 2000

CONCRETE PRESSURE (PSF)

PRESSURE DEVELOPED AT VARIOUS CONC, LEVFELS

2200

IN FORM



CONCRETE PRESSURE (PSF)

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
I { | I | [ | I I | I T T 1
h
TEST NO. 9
N DATE 6.7.77
—~ SPECIFIED CONC. STRENGTH 4000 PSI
— 3 AVE. CONC.STRENGTH 4620 PSt
L T AVE. SLUMP 25-3 [NCH.
p
4 FORM THICKNESS 11 INCH.
o | RATE OF POUR 20 FT/HR
< 5 POWER OF VIBRATOR 2.5 H.P
Lul 7 PERIOD OF VIBRATION 30 SECS
T 6 DEPTH OF Vi B. IMMERSION 5 FT .
7 CONC. TEMPERATURE 73 °F §
5 AMBIENT TEMPERATURE 73 °F ,
E - « PRESSURE FR CELL 1 + PRESS.FR CELL 4
x PRESSURE FR CELL 2 RE EL
L] 8 — @ PRESSURE FR CELL 3 A PRESS.FR CELL S
0
O °4
prd
O 1o
Q
1 _|]
L~ HYDROSTATIC LINE
12
13 ]
14 _] /

FIG.6:9 b RELATION BETWEEN PRESSURE & CONC. HEAD



CONCRETE LEVEL AND CELLS LOCATION

(CELL NO)
P
]

/

30/

/ *d V43

TEST
DATE

S PECIF |
AVERAGE
AV ERAGE
FORM

NO

ED CONC. STRENGTH
CONC. STRENGTH
SLUMP
THICKNESS

RATE OF CONC. POUR
POWER OF VIBRATOR
PERIOD OF VI BRATION
DEPTH OF VIBRATOR IMMERSION
CONC. TEMPERATURE

AMBIENT

| |

TEMPERATURE

10
28.10.77
4000 PSI
4430 PSi
25-3 |INCI

1 tNCH
20 FT/F
2:5 H.P
2-5 MIN

2 FT
65 °F

.65 F

- LT -

FI1G.6:-10 a

1400

1600 1800 2000

CONCRETE PRESSURE (PSF)
PRESSURE DEVELOPED AT VARIOUS CONC. LEVELS

2200

IN FORM



CONCRETE HEAD (FT)

8
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@ PRESSURE FR CELL 3

FIG.610b

A PRESS FR

CONCRETE PRESSURE (PSF)
200 400 €00 800 1000 1200 1400 1600 1800 2000 2200
T T | g T ) T T | T T T T 1 I T I T | I u ) 1
TEST NO. 10
DATE 28.10.77
SPECIFIED CONC. STRENGTH 4000 PS!
AVE. CONC.STRENGTH 4430 PSI
T AVE. SLUMP 25 -3 |NCH.
FORM THICKNESS 11 INCH.
7 RATE OF POUR 20 FT/HR
POWER OF VIBRATOR 2.5 H.P
] PERIOD OF VIBRATION 2:5 MIN
DEPTH OF V| B. IMMERSION 2 FT d
. CONC. TEMPERATURE 65 °F o
AMBIENT TEMPERATURE 65 °F .
- « PRESSURE FR CELL 1 + PRESS.FR CELL 4
x PRESSURE FR CELL 2 CELL 5

L~ HYDROSTATIC LINE

RELATION BETWEEN PRESSURE & CONC. HEAD



CONCRETE LEVEL AND CELLS LOCATION

(FT)

15.1 TEST NO 11
DATE 13.10.77
142 SPECIF | ED CONC. STRENGTH 4000 |
-~ AVERAGE  CONC. STRENGTH 4567 F
213 AVERAGE SLUMP 0 5-311
- FORM THICKNESS 1IN
m12_] RATE OF CONC. POUR 20 FT
Q. POWER OF VI BRATOR 2:5 H.
11 _ PERIOD OF VI BRATION - 30 SE
DEPTH OF VIBRATOR IMMERSION 1 METRE
10_| \ CONC. TEMPERATURE 62 °F
5 AMBIENT TEMPERATURE 61 °F
9_ > > \Q

- 6LT -

1 ] 1 ] | | I I | | L \ | ] ) { 1 | | | i
200 400 600 8 00 1000 1200 1400 1600 1800 2000 2200

CONCRETE PRESSURE (PSF)
FIG. 611 @ pRrESSURE DEVELOPED AT VARIOUS CONC, LEVELS IN FORM




CONCRETE PRESSURE (PSF)

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
| | | | 1 { I I T | I T | L

' TEST NO. 11
DATE 13.10.77
2 SPECIFIED CONC, STRENGTH 4000 PS!
3 AVE. CONC.STRENGTH " 4567 PSI
] AVE. SLUMP 2.5-3 INCH.
4 FORM THICKNESS 11 INCH.
7] RATE OF POUR 20 FT/HR
5 POWER OF VIBRATOR 25 H.P
N PERIOD OF VIBRATION 30 SECS
6 DEPTH OF VIB. IMMERSION 1 METRE'L
- CONC. TEMPERATURE 62 °F %
AMBIENT TEMPERATURE 61 °F :

« PRESSURE FR CELL1 + PRESS.FR CELL 4

@ PRESSURE FR CELLJ A\ SS.FR LS

o
]

(U]

)|

CONCRETE HEAD (FT)
o )
| ]

-t
-

|

A HYDROSTATIC LINE
12 x

13 _ _
14 l
FIG.611b RELATION BETWEEN PRESSURE & CONC. HEAD




CONCRETE LEVEL AND CELLS LOCATION

(CELL NO)
P
|

TEST NO

DATE

SPECIFIED CONC, STRENGTH
AVERAGE CONC. STRENGTH
AV ERAGE SLUMP

FORM THICKNESS
RATE OF CONC. POUR
POWER OF VI BRATOR
PERIOD OF VI BRATION
DEPTH OF VIBRATOR IMMERSION
CONC. TEMPERATURE
AMBIENT TEMPERATURE

12

20.10.77
4000 PSI
5040 PSI
25-3 INCH
1 INCH
20 FT/HFR
25 H.P
25 MIN

1 METRE
55 °F

59 °F

- I8 -

1 ] | | | | | L | ] 1 1 | 1 1 i i ] ] | ! i 1
200 4 00 600 8 00 1000 1200 1400 1600 1800 2000 2200

, CONCRETE PRESSURE (PSF)
FIG.6:12 A prESSURE DEVELOPED AT VARIOUS CONC, LEVELS IN FORM




CONCRETE PRESSURE (PSF)
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
! { L ! 1 I | ] [ [ T I T T | T | 1 T T | | ]
1 5
TEST NO. 1
2 DATE 2040-77
—~ SPECIFIED CONC. STRENGTH 4000 Psl
— 3 AVE. CONC.STRENGTH 5040 PSI
T U AVE. SLUMP 25-3 |NCH.
V4 FORM THICKNESS 11 INCH.
o | RATE OF POUR 20 FT/HR
< s POWER OF VIBRATOR 25 H.P
N n PERIOD OF VIBRATION 25 MIN
T DEPTH OF Vi B. IMMERSION 1 METRE !
m CONC. TEMPERATURE 55 °F §
. AMBIENT TEMPERATURE 59 °F ,
}_U_J ] . PRESSURE FR CELLY  + PRESS. FR CELL 4
x PRESSURE FR CELL RESS FR CEL
L 8 6 PRESSURE FR CELL 3 & PRESS. ELL S
xx
O 94
=z
O o]
@)
11 _|
S~ HYDROSTATIC LINE
12 _
13 _]
14 _|

FIG.612b RELATION BETWEEN PRESSURE & CONC. HEAD



CONCRETE LEVEL AND CELLS LOCATION

(CELL NO)

TEST NO 13
DATE 22.12.77
SPECIFIED CONC. STRENGTH 4000 PS
AVERAGE CONC. STRENGTH 4739 PS)
AV ERAGE SLUMP 2.5 (NC
FORM THICKNESS 1 INC .
RATE OF CONC. POUR 20 F T+
POWER OF VI BRATOR 1 H.P
PERIOD OF VI BRATION 30 SECEC
DEPTH OF VIBRATOR IMMERSION 1 METRE
CONC. TEMPERATURE 48 °F
AMBIENT TEMPERATURE 46 °F
]
=
w
]
i | [} { [ | | ] | | | | i } 1 | | | [ | 1
200 4 00 600 8 00 1000 1200 1400 1600 1800 2000 2200
CONCRETE PRESSURE (PSF)
FIG. 613 @  pressURE DEVELOPED AT VARIOUS CONC. LEVELS IN FORM



CONCRETE HEAD (FT)
> 3 o ® g o 2w
1 ] | 1 | | ] |
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14 _

CONCRETE PRESSURE (PSF)
200 400 600 800 1000 1200 1400 1600 1800 2000 2200

! J L J T T I | | T T | T T T T T T T L T T
TEST NO. 13
DATE 2212.77
SPECIFIED CONC, STRENGTH 4000 Psi
AVE. CONC.STRENGTH 4739 PSI
AVE. SLUMP 25 INCH.
FORM THICKNESS 11 INCH.
RATE OF POUR 20 FT/HR
POWER OF VIBRATOR H.P
PERIOD OF VIBRATION 30 SECS

e PRESSURE FR CELL 1
x PRESSURE FR CELL?2
® PRESSURE FR CELL 3

Z- HYDROSTATIC LINE

FI1G.6'13b RELATION BETWEEN PRESSURE & CONC. HEAD

DEPTH OF VI B. IMME RS ION 1 METRE!
CONC. TEMPERATURE 48 °F §
AMBIENT TEMPERATURE 46 °F ,

+ PRESS.FR CELL 4
A PRESS FR CELL S



CONCRETE LEVEL AND CELLS LOCATION

. TEST NO 14
DATE 25.11.77
14 . SPECIF | ED CONC. STRENGTH 4000 PS!
- \ AVERAGE  CONC. STRENGTH 4598 PS|
Q13 AVERAGE SLUMP 2.5 -3 INCH
. FORM THICKNESS 11 INCH
wi2 | RATE OF CONC. POUR 20 FT/HR
e POWER OF VI BRATOR 2.5 H.P
11 PERIOD OF VI BRATION 2.5 MIN
DEPTH OF VIBRATOR IMMERSION 2 FT
CONC. TEMPERATURE 54 °F
AMBIENT TEMPERATURE 54 °F
'(
e
|
: g,
} o o
L1 | ] I | | I ] i ! 1 1 ! 1 ! ] | | | l ) ]
200 4 00 600 8 00 1000 1200 1400 1600 1800 2000 2200

CONCRETE PRESSURE (PSF)

FIG. 614 @ pressyURE DEVELOPED AT VARIOUS CONC. LEVELS

IN FORM



CONCRETE PRESSURE (PSF)

w n
] |

&
N

CONCRETE HEAD (FT)
].CS IL9 F’ J\‘ lm Im

—tb
-t

12

13

14

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
T T T ; ! j T ] 1 | J— T T T I T I T ) T 1
Sy TEST NO. 14
DATE L 25.11.77
SPECIFIED CONC. STRENGTH 4000 PSI
AVE. CONC.STRENGTH 4598 PSt
N AVE. SLUMP 25-3 INCH.
FORM THICKNESS 11 INCH.
RATE OF POUR . 20 FT/HR
POWER OF VIBRATOR 25 H.P
AN ‘\ PERIOD OF VIBRATION 2:5 MIN
DEPTH OF VI B. IMMERSION 2 FT m
\ CONC. TEMPERATURE 54 °F f‘
AMBIENT TEMPERATURE 54 °F
* < X . Pgegsggg Fg CEtlL-; + PRESS.FR CELL 4
PRESS FR CE
\ g PRESSURE FR (c::ELL3 & PRESS.FR CELL 5

Z- HYDROSTATIC LINE

N

FIG.6'14b RELATION BETWEEN PRESSURE & CONC. HEAD



CONCRETE LEVEL AND CELLS LOCATION

(CELL NOJ)

TEST NO

DATE
SPECIFIED CONC. STRENGTH

15

712 .77
4000 Psi
4722 PS|

2.5 |NCH

AVERAGE CONC. STRENGTH
AV ERAGE SLUMP

FORM THICKNESS
RATE OF CONC, POUR

POWER OF VI BRATOR
PERIOD OF V| BRATION
DEPTH OF VIBRATOR IMMERSION
CONC. TEMPERATURE

AMBIENT TEMPERATURE

] ] I l ] l | | ] | } 1 | ] |

1
20
25
30

1

47

| NCH

FT/HR
H.P
SECS
METRE

°F

40 °F

- (8T -

200 4 00

FIG. 615 a

8 00 1000 1200 1400 1600 1800 2000

CONCRETE PRESSURE (PSF)
PRESSURE DEVELOPED AT VARIOUS CONC, LEVELS

2200
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CONCRETE PRESSURE (PSF)
200 400 €00 800 1000 1200 1400 1600 1800 2000 2200
L | 1 l I I | T T ) T [ | T I T I T T T T | 1
1
- TEST NO. 15
2 DATE 7.12.77
—~ SPECIFIED CONC, STRENGTH 4000 PSI
3 AVE. CONC.STRENGTH 4722 PS|
L " AVE. SLUMP 2.5 |NCH.
4 FORM THICKNESS 11 INCH.
O | RATE OF POUR 20 FT/HR
< s POWER OF VIBRATOR 25 H.P
L - PERIOD OF VIBRATION 30 SECS
T 6 DEPTH OF VI B. IMME RSION 1 METRE'
] CONC. TEMPERATURE 47 °F §
7 AMBIENT TEMPERATURE 40 °F |
'_U_-_’ - « PRESSURE FR CELLl  + PRESS. FR CELL 4
x PRESSURE FR CELL R L
Ll 8- G PRESSURE FR CELL 3 A\P ESS.FR CELL S
x
O 24
=
O fo.
Q
11 _|
- HYDROSTATIC LINE
12 _]
13 _]
14

FIG.615b RELATION BETWEEN PRESSURE & CONC. HEAD



CONCRETE LEVEL AND CELLS LOCAT!ON

i, TEST NO 16
N DATE 142,77
14_] SPECIFIED CONC. STRENGTH 4000 Psl
-~ \ AVERAGE CONC. STRENGTH 4860 pg)
213 . AVERAGE SLUMP 2.5 |NCH
¥ FORM THICKNESS 11 INCH
w RATE OF CONC, POUR 20 FT/HR
NA POWER OF VI BRATOR 1 H.P
PERIOD OF VI BRATION 30 SECS
DEPTH OF VIBRATOR IMMERSION 1  METRE
CONC. TEMPERATURE 66 °F
AMBIENT TEMPERATURE 37 °F
So_]
|
'_.lv
47_ g
|
3s5_
23]
2 ]
1 1_\
\ I 1 ! [ I 1 ! ] I | ] | | | | | 1
200 400 600 8 00 1000 1200 1400 1600 1800 2000 2200
CONCRETE PRESSURE (PSF)
FIG.6-16 @ pressURE DEVELOPED AT VARIOUS CONC. LEVELS IN FORM
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CONCRETE PRESSURE (PSF)

14 _

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
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TEST NO. 16
DATE 1412.77
SPECIFIED CONC, STRENGTH 4000 Ps!
AVE. CONC.STRENGTH 4860 PSI
AVE. SLUMP 2:25 |NCH.
FORM THICKNESS 11 INCH,
RATE OF POUR . 20 FT/HR
POWER OF VIBRATOR 1 H.P
¥ _ PERIOD OF VIBRATION 30 SECS
DEPTH OF VIB. IMMERSION 1 METRE
CONC. TEMPERATURE 66 °F
AMBIENT TEMPERATURE 37 °F
/* E . ERRESEBSE Fg cabt:; + PRESS.FR CELL 4
X F E .
@ PRESSURE FR gELL3 A‘ PRESS.FR CELL 3

Z- HYDROSTATIC LINE

FIG.616b RELATION BETWEEN PRESSURE & CONC. HEAD
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CONCRETE LEVEL AND CELLS LOCATION

(CELL NO)

TEST NO

DATE

SPECIF | ED CONC. STRENGTH
AVERAQE CONC. STRENGTH
AV ERAGE SLUMP

FORM THICKNESS
RATE OF CONC. POUR
POWER OF VI BRATOR
PERIOU OF VI BRATION
DEPTH OF VIBRATOR IMMERSION
CONC. TEMPERATURE

AMBIENT TEMPERATURE

| ] 1 | L | ! | ] | ] ] 1 | ]

17

22.3.78
4000 Psl|
4980 Ps!
2.5 NCH
11 INCH
20 FT/HR

1 H.P
30 SECS

1 METRE
54 of
46 °F

200 400

FIG.617 a

600 8 00 1000 1200 1400 1600 1800 2000

CONCRETE PRESSURE (PSF)
PRESSURE DEVELOPED AT VARIOUS CONC. LEVELS

2200

IN FORM
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CONCRETE PRESSURE (PSF)
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
! | I I T T | T | ] T T T T | T T T T ] T T 1

-

1

& TEST NO. 17

s DATE 22.3.78
—_ SPECIFIED CONC. STRENGTH 4000 PSI
— 3 | AVE. CONC.STRENGTH 4980 PsI
(T AVE. SLUMP 275 INCH.
V4 FORM THICKNESS 11 INCH.
a | RATE OF POUR 20 FT/HR
<5 | POWER OF VIBRATOR 1 HP
L 7 PERIOD OF VIBRATION 30 SECS

6 \ DEPTH OF VIB. IMMERSION 1 METRES
L &+ CONC. TEMPERATURE 54 °F I

7 AMBIENT TEMPERATURE 46 °F
E 7] ’ « PRESSURE FR CELLT  + PRESS. FR CELL 4
Ll 8 / @ PRESSURE FR CELL 3 A\P ESS.FR LS
o

9 [ ]
2] " '
Q

11 _| £ |

- HYDROSTATIC LINE

12 _]

13 _

14 _ /

FIG.617b RELATION BETWEEN PRESSURE & CONC. HEAD
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CONCRETE PRESSURE (PSF)
200 200 400 600 800 1000 1200 1400

1 1 | { I | ! L 1 1 L

'
, TEST NO. 3
! DATE 31.8.77
.' SLUMP 25 [NCH
! STRENGTH OF CONC. 4500 PSlI
: ! POWER OF VIBRATOR 1 H.P
l ,' PER{OD OF VIBRATION 25 MIN
: A B ho DEPTH OF VIB.(MMER. 2 FT
1 / ," / CONC TEMPERATURE 71 °F
/
'
. A H s .CELL 1 + CELL 4
{ AR «CELL 2 ACELL 5
t ’:'““(’ ;o © OCELL 3
| ] I/ ——— ~ SHEAR PRESSURE
l -0 I“' - LATERAL PRESSURE
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FIG. 618 VARIATION OF SHEAR AND LATERAL
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