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This paper presents an analysis of the change in consistency 
that is caused solely by a change in the water content. A nu
merical method-the so-called K-procedure-is discussed in 
detail. It is a simple tool for the calculation of a needed adjust
ment in the water content of cement paste, mortar, or concrete. 
The K-procedure is based on the assumption of independence. 
Predicting formulas are offered for various methods of mea
suring consistency, and a mechanism is presented for the role 
of water in fresh mixtures. This mechanism explains why an 
increase in the water content causes a greater than linear in
crease in the mobility of a fresh mixture. Numerical examples 
illustrate the use of the K-procedure. To assist with practical 
application, tabulated data and nomograms are provided for the 
K-factors of several standard test methods. 

•THE rheology of liquid-solid suspensions in terms of concentration is the target of nu
merous theoretical and empirical investigations that, in turn, result in a variety of 
formulas (1, 2, 3). However, there are difficulties with the application of these results 
for a fresh- concrete, caused primarily by the heterogeneity of the concrete mixtures. 
This is highly unfortunate because it is almost impossible to overestimate the technical 
importance of the flow properties of a fresh concrete. Thus, the current absence of an 
adequate theory forces the concrete technician to be content with empirical or semi
empirical approaches concerning these properties and to deal with such ill-defined con
cepts as consistency and workability (4). 

This paper presents a technical aruilysis of the change in consistency caused solely 
by the change in water content. Such an analysis requires the reexamination of previ
ously published hypotheses and experimental data concerning the role of water in the 
rheological behavior of fresh paste or concrete. In some instances this leads to new 
findings, such as the estimate of the amount of the non-lubricating water, in others to 
inferences not intended by the original author. It is anticipated that this unified presen
tation can contribute to a better understanding of the complex problem of consistency 
and workability, and can aid in future research. 

Mathematical derivations and most of the standard consistency measurements for ex
perimental justification of the formulas are omitted for the sake of brevity. Interested 
readers can find these details in numerous references noted in the text. 

ASSUMPTION OF INDEPENDENCE AND THE K-PROCEDURE 

The change in consistency of fresh mixtures-such as cement pastes, mortars, con
cretes, and soil-water mixtures-seems to follow a complicated pattern even when this 
change is due only to a variation of the water content. It is true that an increase in the 
water content results in a softening of the mixtures. However, an increase of, say, one 
gallon in the water content of a batch, with the composition and quantity otherwise 
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unchanged, will cause changes of differing magnitudes, depending upon the initial water 
content, consistency, and the method of measuring the consistency. Fortunately, this 
situation is greatly simplified with the adoption of the following assumption of indepen
dence (5, 6, 7, 8): The amount of change in consistency which is due solely to the (rela
tive) change 1n water content of the mixtures is independent of the composition of the 
mixture. 

To illustrate the assumption of independence, assume that the slump of a concrete 
should be increased from a value of 2 in. to 3. 5 in. by adding water to the mixture; also 
assume that this requires a 5. 5 percent increase in water content for the given concrete 
composition. According to the assumption of independence, the 5. 5 percent increase in 
water content will result in an increase of slump from 2 to 3. 5 in. for every concrete 
composition. A less precise form of the assumption of independence is the rule of thumb 
(used by concrete technicians in the 1920's and 1930's) that a stiff consistency of any 
concrete can be made plastic by increasing the water content 15 percent. Experimental 
results justify the use of the assumption of independence within wide limits. 

The numerical method which is based on the assumption of independence is called 
the "K-procedure" because the fundamental equation of this method is 

(1) 

where 

wi and w2 = water content of a fresh mixture for the initial consistency and the 
changed (predicted or desired) consistency respectively; and 

K = thinning factor which is independent of the composition of mixture. 

It follows from Eq. 1 that, for instance, K = 1. 10 means a 10 percent increase in 
the water content of the mixture, and K = 0. 90 means a 10 percent decrease. 

It was shown mathematically that if indeed the assumption of independence is true, 
then the consistency measure, for instance slump, as well as the K factor in Eq. 1, are 
necessarily power functions of the water content as follows (~, ~' 2_, ~): 

(2) 

and 
(3) 

where 

y = specified consistency measure (e.g., slump), 
w = water content of the fresh mixture, 
ci = parameter which depends on the composition of the mixture and method of 

measuring consistency, 
i = test method constant which is independent of the composition of the mixture but 

depends on the method of measuring consistency, 

., 

w Water Content 

Figure l. Change in slump due to the 
change in water content. 

.K = thinning factor, and 
Yi and y2 = consistency measure of the mixture 

for the initial consistency and for 
the changed (predicted or desired) 
consistency respectively. 

The K-procedure, therefore, is a method where 
the change in consistency, which is due solely to 
the change in water content, is approached by a 
power function defined by Eqs. 2 and 3. That is, 
the assumption of independence is a qualitative 
form, and Eqs. 1, 2, and 3 are quantitative forms 
of the same phenomenon concerning consistency as 
a function of water content. 

The graphical representation of the relationship 
for consistency vs water content, such as Eq. 2, is 
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TABLE 1 

VALUES OF "i" AND THE CONSISTENCY LIMITS 
OF THE K-PROCEDURE• 

Test 

Test for normal con
sistency of hydraulic 
cement (Vicat test) 

Flow table for use in 
tests of hydraulic 
cement 

Test for slump of port
land cement concrete 

Test of penetration for 
portland cement con
crete 

Modilied remolding 
test for portland 
cement concrete 

Compacling Iactor test 
for portland cement 
concrete 

Test for liquid limit of 
soils 

• From Ref. (§_). 

Designation 

ASTM C 187-58 
BS 12 
DIN 1164 

ASTM C 230-57 T 
DIN 1164 

ASTM C 143-58 
BS 1881 

DIN 1048 

ONORM B 2303 

BS 1881 

ASTM D 423-61 T 

15 

10 

6 

-9 

0.0lc-1.7 

-8. 3 

Consistency 
Limits 

6 - 30 mm 

55 - 130:' 

2 - 6 in. 

2 - 20 cm 

80 - 5 kg/cm' 

0.75-0.95 

20 - 30 

called the "consistency curve" 
(Fig. 1). The rate and the spe
cific rate of consistency change 
caused solely by the change in 
water content are defined as 
dy/dw and (dy/dw)/y respective
ly. It can be shown that the ab
solute value of the "i" power is 
approximately equal to this spe
cific rate of consistency change 
for the practical range of the w 
values. Therefore, this value 
can be used for the characteriza
tion of any method of measuring 
consistency, as long as the value 
of "i" can be considered indepen
dent of the composition of concrete. 

The "i" values for several 
methods of measuring consistency 
have been determined experi
mentally (5, 6, 9) and are given 
in Table C The same table also 
contains the empirical consistency 

limits for the methods within which the K-procedure is valid. The other limits of va
lidity for the K-procedure, in general, are the confines of adequate workability, such 
as cement content higher than 400 lb/ cu yd, not too coarse aggregate grading, etc. 

Example l 

What change in the water content of a concrete will increase the slump from 
2 to 5 in. provided that the composition of the concrete remains otherwise 
unchanged? 

Solution: Since the "i" test method constant for the standard slump test is 
equal to 10 {Table l), therefore Eq. 3 provides the following K factor: 

. _ . ,; , .n 1 __ _ 

K. = l'l2 )""' = I. IU 

Hence, if the water content of the 2-in. slump concrete is w1, then the w2 
water content that wi 11 produce a 5-in. slump is 

APPLICATION OF THE K-PROCEDURE 

Analyses of a variety of experimental data demonstrated that the changes in consis
tency, which are due solely to the changes in water content, can be approximated by 
power functions of Eqs. 2 and 3 for many methods of measuring consistency (5, 6, 7, 8, 
9, 10, 11, 12, 13, 14). A noteworthy exception is the standard British compacting fac-: 
fortest, BS 1881~for which a modification of Eq. 3 is necessary (9). A recent paper 
by Newman (15) also supports this modified thinning factor for the CF test. 

Various forms can be obtained by simple algebraic manipulations for the previously 
mentioned equations of the K-procedure. One such form is 

(4) 

where the symbols are the same as in Eqs. 1 and 3. 



Other forms are 

where 

y2 = Y1 (wrelY 

Yrel =- (wrelY 

Y = (1 + W )i -1 rel rel 

wrel = wa/w1 =- K = relative water content, 
Yrel = y2/y1 = relative consistency measure, 

Wrel = (w2 - w1)/w1 = relative change in water content, and 
Yrel = (y2 - y1)/y1 = relative change in consistency measure (16). 

The use of these equations is illustrated in Example 2. 
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(5) 

(6) 

(7) 

For practical application, the numerical values of the various K factors can be ar
ranged either in tabulated form or in nomograms. For instance, Table 2 gives the nu
merical values of the K factor for the standard slump test (ASTM C 143-58 or BS 
1881:1952 (17) ). Their use is also illustrated by Example 1. Nomograms are shown 
in Figures 2 and 3 where the K-procedure is presented for the standard Vicat penetra
tion test (ASTM C 187-58 or BS 12:1958 or DIN 1164), and for the standard flow test 
for cement mortar (ASTM C 230-57T or DIN 1164), respectively. Further tables and 
nomographs for the K-procedure can be found in the literature(~,~. J_, _!!, ~' .!..!!, ~. 20). 

Example 2 

From 
Y, 

1 
1, 5 
2 
2. 5 
3 
4 
5 
6 
7 

Y, = 
Y2 = 

Assume that the amount of mi xing water of a concrete batch that gives y1 = 
2-in. slump with w1 = 10 gallons of water is increased by 1 gallon, i.e., 
w2 = 11 gallons. What increase in slump can be expected from the new batch 
provided the composition of the batch remains otherwise unchanged? For the 
standard slump test, i = 10. 

Solution: By using Eq. 5 

w = 11/ 10 = 1. 10 
rel 

Y2 = 2(1.10) 10 = 5 in. 

By using Eq. 6 

y I= (1.10) 10 = 2.50 
re 

TABLE 2 

THlNNING FACTOR K FOR VARIOUS SLUMPS" that is, Y2 wi 11 be 250 percent of 
the initial 2-in. slump. 

(Calculated by Eq. 3 with i = 10) 

To Y2 

1. 5 2 2.5 4 

1.00 1.04 1.07 1.10 1.12 1.15 
0 . 96 1.00 1.03 1. 05 1. 07 1.10 
0. 93 0. 97 1.00 1.02 1.04 1. 07 
0. 91 0. 95 0. 98 1.00 1.02 1. 05 
0 .89 0.93 0. 96 0. 98 1.00 1.03 
0. 87 0.91 o. 93 0. 95 0,97 1.00 
0. 85 0 . 89 0. 91 0. 93 0.95 0 . 98 
0. 83 0. 87 0.89 0. 91 0. 93 0. 96 
0 . 82 0. 86 0.88 0. 90 o. 92 0.94 

initial slump 1 in. 
changed or expected slump, in. 

5 6 

1.18 1. 20 
1.13 1. 15 
1.10 1. 12 
1.07 1. 09 
1, 05 1. 07 
1, 02 1. 04 
1.00 I. 02 
0 .98 1. 00 
0.96 0 . 98 

.1.22 
1.17 
1. 13 
1.11 
1 , 09 
1.06 
1.04 
1.02 
1 . 00 

By using Eq. 7 

W = 1/io = 0.1 
rel 

Y I= (1.10) 10 - 1 = 1.50 re 

that is, a 10 percent increase 

*From Ref. (_!1). 

in the water content wi 11 cause 
a 150 percent increase in the 
initial slump of 2 i~. 
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Figure 2. Estimation of water content of 
cement paste (with 500 g cement) needed 
for a specified penetration (20). 

The mechanism of the change in consistency 
of a concrete can be approached through the con
sistency change of the cement paste. The related 
pioneering research was done by Powers (21, 22). 

The plasticity of a cement paste can beattri
buted to a combination of attractive forces be
tween particles and the lubricating action of the 
water between particles. The first few molecular 
layers of water absorbed immediately on the sur
face of cement particles consist of oriented 
molecules that are kept more or less immobile 
(23, 24). With an addition to the liquid content, 
the absorbed water layers become thick enough 
so that the outermost ones are not composed of 
well-oriented water molecules; thus, they may 
have a certain mobility while still lacking no
ticeable lubricating properties. This is so be
cause in addition to the oriented water absorbed 
in the surface, a relatively large portionofwater 
is believed to be enclosed in pores and surface 
"pockets" of the particles in a liquid or semi
liquid condition in such a manner that it has little 
lubricating effect. The lubricating action (hence, 

the plastic state) would develop only after increasing the water content of the paste beyond 
a w0 limit. The w0 limit can be called the non-lubricating water content, and it character
izes the maximum amount of water for a given material and method oftestingwith which the 
paste does not show a tendency to flow under the unsustained application of a force. It is ob
vious from this mechanism that the previously presented equations are strictly valid 
only for that fraction of the total water content which has the lubricating effect in the 
mixture. The structural meaning of wo is not clear and its determination is also un
certain. Fortunately, the analysis of experimental results demonstrates that the sim
plification of using the total water content in mortars and concretes of usual composition 
does not impair the reliability of the K-procedure significantly. 

When the water content is great enough to have a lubrication effect but is still low 
enough that the air voids exceed the water-filled space, the cohesion of the paste de-

Ell!!lple: U a waler conlent o( 'Ht c11 cm rt.ull1 Jn • no" of 

t1~, QM• I.,_ iOllt ot<Oll&t"4 MNrll ft,1 u.., 

Figure 3. Estimation of water content 
of standard mortar (with 500 g cement) 
needed for a specified flow (20). 

pends mostly on the intensity of the capillary tension 
and on the fraction of cross-sectional area occupied 
by the water (25 ). This cohesion can be expressed 
numerically interms of particle size, porosity of 
packing, water content, etc., by using certain sim
plifying assumptions (26). 

When the water content is progressively increased, 
the cohesion first increases, then rapidly decreases 
(27) because the capillary tension also decreases 
rapidly and the air spaces become smaller. Finally, 
a point is reached where the capillary tension has 
disappeared because the water has isolated the open 
air spaces into air bubbles by partially filling these 
spaces. This particular state can be demonstrated 
by electrical measurements because the electrical 
resistance of a cement paste as a function of water 
content shows a sudden drop at this point (28). 
Powers calls this water content "basic watercon
tent, " and the related consistency is "basic con
sistency" (21). The remaining cohesive force in a 
paste of basic consistency is a result solely of in
terparticle attraction between cement particles. 
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Therefore, this consistency is the stiffest to allow true plastic deformation and permit 
compaction by a low-energy procedure. The basic consistency for a cement paste is 
about the same as the standard normal consistency. For concretes, it corresponds to 
a slump of 1 to 2 in. 

The increase of water content beyond the basic water content causes the consistency 
to become softer rapidly because it results in a greater dispersion of cement particles, 
i. e., a reduction in the cohesive force, a greater freedom for the individual particles, 
more lubrication, and hence, a greater than linear increase in the mobility of the paste. 

This mechanism is only slightly changed when a surface-active agent is used as a 
water-reducing admixture in the paste. Such molecules tend to become concentrated 
and form a film at the interface between cement and water, and alter the physiochemi
cal forces acting at this interface (29 ). The mobility of such a plastified paste becomes 
greater partly because of a reduction in the interparticle forces and partly because of a 
reduction in w0 (30). 

When cement paste and aggregates are combined into mortar or concrete, the paste 
has a role similar to that which the water had in the paste. That is, the cement paste 
provides cohesion for the total mixture and also acts as a lubricant between aggregate 
particles. It is important to recognize, however, that the consistency of a concrete 
becomes stiffer than that of the paste alone because of the interference of aggregate 
particles. The larger the amount of aggregate in the mixture, the stiffer the consistency 
appears. Therefore, three possibilities are available to soften the consistency of a 
concrete without changing the quality of the components: first, the amount of cement 
paste can be increased by keeping the water-cement ratio, thus the consistency of the 
paste, constant; second, the consistency of the paste can be softened by using higher 
water-cement ratio but without increasing the paste volume; and third, these two methods 
can be combined. In all three cases the water content of the total mixture increases, 
and this can be considered as a primary reason for the softening of concrete consistency. 
It is necessary to note, however, that apart from other harmful consequences, the 
thinning of cement paste beyond a certain limit does not soften the consistency of con
crete because a fluid-like paste is unable to disperse the aggregate particles (31). A 
more refined discussion of the interparticle forces in fresh concrete is given in recent 
papers by Powers (32, 33). 

An additional factor to be considered is the effect of hydration reactions on the con
sistency of the cement paste, especially because these reactions begin almost immedi
ately when the cement contracts the water (34, 35). Experience shows that in the case 
of standard portland cements, the developinghydration products do not influence notice
ably the plasticity of the paste within reasonable time limits. Thus, it may be con
cluded that the presented mechanism of the change in consistency explains why a rea
sonable increase in the water content causes a greater than linear increase in the 
mobility of the fresh mixture. 

JUSTIFICATION OF THE K-PROCEDURE IN PRINCIPLE 

Although the presented mechanism of change in consistency provides only a qualita
tive basis for the K-procedure, certain other considerations support this procedure in 
principle also. Such a consideration is the recall of the experimental fact that the K
procedure is applicable to cement pastes (6, 8, 11). 

Another significant consideration is that not only the results of consistency tests, 
which are set up more or less arbitrarily, can be approached well with a power func
tion but also characteristics of the fresh mixture that are fundamental to the complex 
property of workability. The viscosity is one such characteristic. According to Fig
ure 4, measurements by Komlos (36) demonstrate that the degree of viscosity of a ce
ment mortar measured in a rotational viscometer is a power function of tenth degree 
of the water content with a good approximation (8, 9). A similar analysis of the mea
surements by Nessim and Wajda (37) obtained with-a rotational viscometer also shbws 
(Fig. 5) that both the total energy input and the plastic viscosity of a cement paste or 
mortar can be expressed approximately as a power function of fifth degree of the water 
content. It is also significant that according to Orr and Blocker (38) the relative 
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Figure 4. Viscosity of a cement 
mortar, measured with a rotational 
viscometer, as a function of water 
content (36 ). 

viscosity of a wide range of suspensions of spheres 
increases as a power function with suspension 
concentration. 

A different but important characteristic of the fresh 
concrete mixture is the minimum time of vibration 
needed for the complete compaction of the concrete. 
According to Figure 6, two test series by Plowman 
(39 , 40) as well as a tes t series by Spindel (12) de m
onstrate again that these minimum times of vibration 
are also power functions of the water content with a 
good approximation (7, 8, 14). Thus, one may say 
with a little license thattheK-procedure can express 
the change in workability of concrete as a function of 
the water content. 

As has been mentioned before, the equations pre
sented in this paper are valid strictly for that amount 
of water in the mixture which has a lubricating effect. 
Therefore, the correct form of Eq. 2 is 

y - y 
O 

= C2 ( W - WO) i (8 

where 

y0 = value characteristic of the consistency of water, 
w = total water content of the mixture, 

w0 = amount of non-lubricating water, and 
c2 = parameter which depends on the composition of mixture and method of mea

suring consistency. 

The other symbols are identical with the symbols of Eq. 2. A graphical representation 
of Eq. 8 is shown in Figure 7 for a negative i. 

~ 0 71-+----1-. 
C 

"' 

i° 0.2 

Ol '--::--------,,'-:--...,.+~~(~lo~Q_•c~otl•~l ----,,:!. 
70 '90 100 110 130 150 

w,,1 Relative Waler Content, % 

Figure 5. Viscosity of a cement paste, 
expressed as "total energy input" of a 
rotationa I viscometer at five different 
angular speeds, as a function of relative 
water content (37). 

The value of w0 depends decisively on the 
specific surface of the solid particles in the mix
ture. This specific surface of mortars and con
cretes of usual compositions is relatively low; 
therefore, the use of the approximation of w0 = 0 
is reasonable for these mixtures, along with the 
approximation of y0 = 0, as far as the K-proce
dure is concerned, provided that the C1 param
eter of Eq. 2 is chosen properly. The specific 
surface of a powder is much greater; thus, the 
value of w0 for pastes may be quite high. To 
illustrate this point, one can refer to a test 
series by Powers where he measures the con
sistencies of pastes made with six different pow
ders and gradually changing water contents (22). 
He uses the "t" time for flow of paste under a 
pressure of one psi from a 100 cc pipette to char
acterize the consistency. His apparatus provides 
about 5 seconds time of flow for water and 
i = - 5 for the test method constant. Thus, the t 
consistency of any of his pastes can be expressed 
by the following formulas as a function of the water 
content: 

t - 5 = C2 ( W - WO )-
5 

(9) 



where w represents the percent water in the 
pastes by absolute volume. 

Tables 3 gives the values of c2 and w0 for the 
pastes. These values are determined by the 
slopes and intercepts of the fitted straight lines 
in the special system of coordinates of Figure 8. 
The figure demonstrates also that the goodness ~ 

12 

" l o .. ,. 

of fit between Eq. 9 and the experimental re- ] .1 ~ ~ 
sults is highly satisfactory. In addition, Eq. 9, E ~\ 
with the factors of Table 3, represents curves f 2 -- ------ --~_,.,._•+---+- · ,_ 

X II\. that converge to the value of t = 5. 1 seconds F 1,5 i-------t----1----+---rl____.,. '\. c+--<.-+-1--1 

with a good approximation when the solid con- 0)

1

0'\i\. • 
tents of the pastes approach zero. It should be '-. 
noted that the values in Table 3 are valid only I ~ 'I\ 
for the apparatus and test method used by Pow- 015 1---+-- -+---+--~

1
- -+-- • 

ers in his experiments. A more vi go r o us I x ,•. 
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smaller amount of non-lubricating water around wrel Relative Water content, % 
the solid particles in the pastes. 

It is probably more than a coincidence that 
the analysis of bleeding results of portland ce
ment pastes has led to the introduction of a 
"stagnant" water content for the initial rate of 
bleeding which is similar to the concept of w0 

Figure 6. Relationship between time of 
vibration for full compaction and relative 
water content (39). 

(41, 42). Steinour concludes from his pertinent experiments that this stagnant water 
content generally lies between 24 and 32 percent for the usual portland cements and the 
applied test method. 

Finally, it should be mentioned that there have been numerous experiments concerned 
with the applicability of the approximation by power function to the consistency of soil
water mixtures (43). The conclusion of these tests is affirmative to such an extent that 
the procedure is standardized as a rapid or one-point method by ASTM for the deter
mination of liquid limit of soils (ASTM D 423-61 T). In addition, the assumption of in
dependence is also suitable for properties of soil-water mixtures other than consistency. 
Data from the technical literature indicate that power functions may be applicable as a 
simple approach to penetration resistance, shearing strength, electrical resistivity, 
and moisture retention of soil-water mixtures as a function of water content ('.?)· 

OTHER TYPES OF TIIlNNING FACTOR 

In addition to the form of power function, several other types are also recommended 
for the thinning factor both in the concrete technology and in soil mechanics. 
nologically first thinning factors evaluated the con-

The chro-

sistency according to appearance (stiff, plastic, 
etc.), i.e., not numerically; therefore, at present 
they are of only historical interest. Such qualita
tive thinning factors are, for instance, the rela
tive consistency recommended by Abrams (44), the 
relative water content by Talbot and Richart (45), 
and the water factor of Young (46). -

Probably the first thinning factor for concrete, 
utilizing numerical consistency measures, had a 
logarithmic form which was set up empirically. 
For a certain fixed y1 basic consistency and for a 
modified remolding test (ONORM B 2303), the 
following thinning factor was recommended (47): 

Klog = (a - log y2)/b (10) 

I 
I 
I 
I 
I 

I 
I 
I 
I 

I 
I 

JI, ---,---------

! .,, 
w Total Water Content, % 

Figure 7. The non-lubricating 
water content w0 • 
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TABLE 3 where 
PARAI\IIETERS OF THE CONSISTENCY EQUATION 

FOR THE PASTES TESTED BY POWERS Klog = logarithmic thinning factor, 
Powder 

Portland cement 
Pumicite 
Hydraulic lime 
Hydrated lime 
Celite 
Aquagel 

c, (sec) 

3 .12 X 10• 
1. 26 X 10• 
0 . 92 5 X 10' 
1. 50 X 107 

1. 27 X 105 

4 .47 X 103 

w,(%) 

22 . 5 
34.2 
39 . 2 
55 . 8 
80.3 
92 . 2 

y2 = consistency measure for the changed 
(predicted or desired) consistency 
measured by the specified method, and 

a, b = test method constants which include 
the effect of the particle shape, as 
well. 

NOTE: w0 is the amount of non-lubricating water. 
Both c2 and w0 are dependent on the quality of 
particle surface, specific surface, and method 
of measuring consistency. 

A more general form of Eq. 10 is 

1 ( Y2 ) K = 1 +-:- log---log 11 y 1 
(11) 

where ii is the test method constant for this type of thinning factor. The other symbols 
are the same as those used in Eq. 3. For the standard slump test, the value of ii is 
approximately 4. 2. 

It appears, at first, that the use of the K1og factor is incompatible with the assump
tion of independence because it is not a power function of the consistency measure. 
Further analysis reveals, however, that there is no serious contradiction. The loga
rithmic thinning factor is very close to the thinning factor of power function in several 
respects. For example, Eq. 11 can be written 

( )

1/ii 
K

1 
= 1 + log .I!. 

og Y1 
(12) 

which is similar to the form of Eq. 3. A more fundamental relationship between the 
two types of thinning factor is: Eq. 10 or Eq. 11 represents the first approximation of 
the K of power function. This approximation is obtained by omitting the terms of sec
ond and higher degrees from the Taylor's series of Eq. 3 (7, 8). 

It is easy to show that the consistency curves corresponding to the Klog factor are 
exponential functions that form a family of converging straight lines in a w vs log y 
semilogarithmic system of coordinates and the point of convergence is on the w = 0 axis. 
It has been demonstrated mathematically that such 
exponential functions will provide a family of par-
allei straight iines fur the consistency curves in 
a log-log system with a very goodapproximation. 
Extent of approximation is shown elsewhere (7, 8). 

With Eq. 11, various forms can be obtained 
for Eq. 1, similarly to Eq_s. 4 through 7. One 
such form is 

1 
W rel = ii log Y rel (13) 

where the symbols are identical with the symbols 
of Eqs. 6 and 7. This equation indicates that 
K1og, along with the corresponding exponential 
consistency curve, has a peysical interpretation 
which can be expressed as a slightly modified as
sumption of independence. 

Arrhenius (48) is the first to apply an expo
nential form for the viscosity-vs-concentration 
relationship of diluted liquids. He arrives at 
this function empirically, by curve fitting. Sim
ilar exponential function is utilized for concrete 
consistency first by Austrian (47) and later by 
French investigators ( 49, 50, 5Tf. Recently, 
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Figure 8. Relation of consistency 
of paste to composition. Measure
ments obtained by Powers (22) by 
timing flow under a ·pressure of l psi 
from a pipette. 
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Powers (33) presented a favorable appraisal for the foundation of this approach, i.e., 
of the Klog, This should not be surprising despite all the evidence presented for the 
approximation by power function. As indicated, the differences between the values cal
culated with the Kand Klog procedures, respectively, are practically negligible; there
fore, on this basis, no preference can be given to either method. There is, however, 
an additional consideration that favors the approximation by power function. So long as 
K is used as a multiplying factor (as in Eq. 1) and is assumed to be independent of 
the composition of the mixture, the power function is the logical choice because it was 
derived precisely from these two conditions. Consequently, at the present state of 
concrete technology, this method seems technically the most suitable for describingthe 
change in consistency caused by the change in water content. 

Two further forms for the thinning factor can be derived from Eq. 3 by an expansion 
into binomial series. This expansion is recommended by Mohan and Goel (52) for the 
simplification of the calculation of thinning factor. One of these forms is linear: 

(14) 

where the symbols are the same as in Eq. 3. Eq. 14 is recommended mainly for 
methods where the consistency measure increases with an increase in water content, 
i. e., when i > 0, Because of its simplicity, however, it might be considered for use 
even when i is negative. 

The second form is the hyperbolic, which is employed primarily for the cases when 
i is negative: 

1 
Khyp = 1 + 1/i - (1/i) (yJy1) (15) 

where the symbols are the same as in Eq. 3. Further comparison of the various types 
of thinning factor can be found in the literature (J_, ~). 

CONCLUSIONS 

The application of the assumption of independence and that of the K-procedure are 
justified within wide limits for many methods of measuring consistency and is recom
mended for use. 

The same amount of added water causes less softening with a dry initial consistency 
than with a plastic. However, within wide limits, the same amount of relative change 
in the water content causes the same amount of relative change in the consistency mea
sure regardless of the consistency and composition of the mixture. This rule is as 
fundamental to the consistency as the water-cement ratio vs strength relationship to the 
hardened concrete. 

Among the various forms of the K-factor, the power function form (represented by 
Eq. 3) is recommended because of its identity with the assumption of independence. 
Tables or nomograms make the practical application easy. 
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