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The article proposed modified T.Powers equation for cement systems. On the
basis of this equation analytically substantiated rule of constant water content
concrete mixtures used in the compositions design.

Experimentally shown that within certain limits change the amount of
cements does not showing any changes concrete mixtures viscosity and
workability.

CrarTsl mnpHUCBAYE€HA TEOPETUYHO-€KCNEPHMEHTAJIbHOMY OOrpYHTYBAaHHIO
npaBu/ia CTajJ0CTi BOAONOTPeOH, 10 BUKOPUCTOBYETHCSI NMPH NMPOEKTYBAaHHI
ckJyiaay OeTOHYy 1yl Ha3Ha4YeHHs HeoOXigHOi BuUTpaTH Boau. B pesyabraTi
TEOPETUYHOI0 AaHaJi3y OOrPpYHTOBAaHO 3aCTOCYBaHHS MOAM(IKOBAHOIO
piBHsiHHA B'siskocTi T.Ilayepca mjisi XapakTepHUCTHKHM LEMEHTHHX CHCTEM
(uemeHTHOro Ticta Ta OeToHOV cymimi). ExcnepumMeHTaJbHO BH3Ha4eHi
MOKA3HUKH B'SI3KOCTI LIEMEHTHOro Ticta Ta OeroHHoi cymimi. Ha ocHoBi
OTPUMAHUX [JaHUX BCTAHOBJIEHI 3HAa4YeHHSI Koe}iUui€cHTIB OTPUMAHOIO
piBHsIHHS. BcCTaHOBJIEHO 3B'fI30K MIXK peOJIONIYHMMHU TMOKa3HUKAMHU Ta
KOHLEHTPAUI€E0 LEeMEHTY, 3aMOBHIOBA4YiB iX IMYCTOTHICTIO, NHTOMOI)
MOBEPXHEK, TOBIUMHOK IIAPy LEMEHTHOro TicTa Ha 3epHaX. AHAJITHYHO
MiATBEPAXKEHUd TINOTEeTHYHHII BHCHOBOK TMPO B3a€EMHY KOMIIEHCAUII0
B'sI3KOCTell LIEMEHTHOro TicTa Ta OETOHHOI CyMillli Y NMEeBHOMY [iama3oHi
BUTPAT LIEMEHTY.

Knarwu4oBi ciioBa:

beton, CyMIilll, LIEMEHTHE TiCTO, BOJIO LIEMEHTHE BITHOIIIEHHS,
JIETKOBKJIAIAJIbHICTh, B SI3KICTh, pO3paxyHKOBA 3aJI€KHICTh.

Concrete, mixes, cement paste, water-cement ratio, water content, workability,
viscosity, calculated definition.
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1. Introduction The workability of concrete mixes and their water demand is
determined primarily by the viscosity of concrete mixes. The value of viscosity is
affected by a significant number of factors taken into account when designing
concrete compositions. Obtaining the calculated viscosity dependence of concrete
mixtures allows improving the existing technique of composition design and
reducing the amount of experimental work. The studies, the results of which are
given in this article, consisted in the experimental substantiation of the
applicability of the T. Powers’s modified viscosity equation of the concrete
mixture to justify the rule of water demand constancy and the possibility on its
basis of a calculated definition of the indices of workability and water demand.
Different equations were proposed for dispersion systems viscosity (Tsy). These
equations are modifications of Einstein’s formula [1]. One of the first researchers
to propose a calculated dependence of the concrete mixtures viscosity was T.
Powers [2]. This dependence has the form of an exponential equation:

n/mn, =e"’, ()

where 1 and 1 are viscosity of concrete mixture and initial dispersion medium; K
is a coefficient; @ is the dispersion phase volumetric concentration.

This equation has, however, remained not investigated, and the physical meaning
of coefficient K was not clear.

The rule of constant water content (RCWC) has been found in the beginning of 30
of the last century by I.Lyse [3] and F. McMillan in the USA [2]. It was reported
that at constant water content cement consumption within the limits of 200...400
kg/m’ does not essentially affect the concrete mixtures workability. Initially
RCWC was applied only to low-slump mixtures. Later it was experimentally
confirmed for no-slump and high-slump concrete mixtures.

Based on RCWC, graphs and tables for rough estimation of concrete mixtures
water content, depending on cone slump and Vebe time were proposed [2-5].
Empirical recommendations for finding the concrete mixtures water content
considering RCWC are presently used in heavy concrete proportioning methods,
recommended in many countries [6].

Accepting the RCWC, various researchers use different values of limit cement
consumption, for which this rule is valid. Most researchers suggest that the upper
limit of RCWC applicability is 400 kg/m’ [6], but some investigations show that it
is valid up to 350 kg/m’ and even up to 300 kg/m’ [7]. As the concrete mixture
stiffness (Vebe time) increase, both the lower and upper cement consumption
limits decrease. Even within one stiffness (Vebe time) range the cement
consumption varies from 280 to 380 kg/m’ [5]. Non-considering essential
variations of the upper cement consumption limit, caused by RCWC, decreases the
accuracy of water demand calculation in many known procedures for concrete
proportioning. Variations of the bottom limit cement consumption from 200 to 140
kg/m’ practically do not affect the compositions design as such variations coincide
with minimal cement consumptions range for normal-weidht concrete.
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Essential stabilization of the upper limit of RCWC area and considering the
features of cements [8], is achieved by expressing it by critical water-cement ratio
((W/C)e), equal to 1.68 N.C (average), where N.C, 1s a W/C, corresponding to the
cement paste normal consistency.

The RCWC proceed from a simplified picture of concrete mixture rheological
properties changes depending on W/C. It was shown [9] that the logarithm of
concrete mixture viscosity changes linearly practically in the entire W/C range.
However, if W/C varies from 0.8 to 0.5, viscosity changes from 1 to 10 Pa-s, than
at W/C change from 0.5 to 0.2 viscosity increases from 10 to 1000 Pa-s i.e. an two
order magnitude higher. Variation of ultimate shear stresses is coordinated with
RCWC even more. For mortar mixtures the shear stresses are (4...8)'10” Pa within
the RCWC range and more than 2 - 10* Pa out the RCWC range.

The ultimate shear stress and viscosity of concrete mixtures, defining their
workability parameters, unequivocally depend for constant materials on thickness
of the cement paste film on aggregate grains & and W/C. This conclusion was
proved experimentally and theoretically [1, 10]. Concrete mixtures can be
considered as roughly disperse structured systems, which rheological properties are
defined both by quantity and viscosity of the dispersion medium, playing a role of
peculiar hydrodynamical "greasing". As such greasing serves the cement paste,
being a bingham liquid.

2. Materials and methods Dependence between viscosity of fine grain concrete
mixture and volumetric concentration of aggregate was studied. The aggregate
(quarts sand) having fineness modulus 2.1 was mixed with cement pastes having
different W/C.

Portland Cement CEM II/A-S 32.5 N was used. The physical properties of the
cement and clinker mineralogical composition are presented in Table 1.

The viscosity of cement pastes and sand concrete was measured using a rotational
viscometer [11].

Rotary method based on measurement of viscosity of the material, placed between
two coaxial surfaces and subjected to shear. Viscosity measurement is based on
Newton's law presented as:

dv
F=nx—x%x§8§ (2)
dy
where F- the force of internal friction in a liquid layer with a surface S; ¥ - velocity
of the fluid; y - the direction perpendicular to the flow rate; n - viscosity.

3. Result and discussion The test results are given in Table 2 and Fig. 1, 2.
Experimental data (Table 2) allow presenting Eq. (1) as:

_ ncem. .¢a
Nem = Koe P78 3)

where K, — proportionality coefficient (K, = 20).
In turn the cement paste viscosity:
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a
ncem.p. = b Peer ; (4)
Table 1.
Clinker mineralogic composition and cement properties
No. Property CEM II/A-S 32.5 N
l. Specific surface (Blaine method), m’/kg 280
2. Setting time of cement: initial 1 h. 30 min.
3. final 3 h. 50 min.
Normal consistency of cement paste, % 26.4
4. Ultimate strength at 28days, MPa
5. flexural 5.8
6. compressive 42.5
Clinker mineralogical composition, %
l. Tricalcium silicate 62
2. Dicalcium silicate 20
3. Tricalcium aluminate 6.5
4 Tetracalcium alumina ferrite 11.5

where a and b — average empirical coefficients (a = 19, b=5.3 ' 10™).
The volumetric concentration of cement in the cement paste is unequivocally
characterized by the cement - water ratio:

0 _ Vcem/ Vy (5)
cem -
1 + Vcem/vw
where V., 1S the volume of cement, V,, 1s the water volume.
Table 2.
Experimental and analytical values of cement paste and concrete mixtures viscosity
: . Concrete mixture
Cement paste viscosity . .
(Meem.p), Pa-s Devia- viscosity (Mem), Devia-
No- | C/W | @eem - tion, % | Peee Pas tion, %
Experi- | Calcu- ’ Experi- | Calcu- ’
mental lated mental | lated
1 1.5 0.33 [0.26 0.24 8.34 0.60 [23.38 23.22 0.68
2 1.5 0.33 10.26 0.28 7.13 0.65 |23.68 |23.71 0.11
3 1.5 0.33 [0.26 0.27 3.69 0.70 [23.99 [24.02 0.11
4 1.7 0.35 10.44 0.40 10.83 10.60 {26.09 |25.97 ]0.48
5 1.7 0.35 [0.44 0.42 5.55 0.65 [26.68 26.67 0.03
6 1.7 0.35] 0.44 0.47 5.68 0.70 |27.28 |27.22 |0.21
7 2 0.391 0.91 0.85 7.34 0.60 | 34.58 34.23 1.01
8 2 0.39] 0.91 0.92 0.82 0.65 |36.19 |3586 |0.92
9 2 0.39] 0.91 0.93 1.89 0.70 | 37.88 38.12 0.63
10 2.3 0.43] 1.73 1.73 0.18 0.60 | 56.58 56.72 0.25
11 2.3 0.43] 1.73 1.70 1.95 0.65 |61.70 | 60.72 1.62
12 2.3 0.43(1.73 1.77 2.08 0.70 | 67.29 66.46 1.24

Notes: Q.. 1s the volumetric cements concentration in cement paste; @,y 1S the

volumetric aggregates concentration in concrete mixture.
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Let express the aggregate volumetric concentration in a concrete mixture
depending on conditional average thickness of the cement paste film (9),

Vep = Page V.

Cy S = agg " agg
considering, that O = U , where Vi, Vi, Uage, Page are the
agg
cement paste volume, cm’/cm’; volume, cm’/cm’; specific surface, cm?/cm’® and
aggregates voidage, respectively.
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Fig. 1. Dependence between cement paste viscosity and volumetric cement
concentration Qcep,
The aggregate volumetric concentration:
K1
Page = (6)
8 K+dK,

where Kl — (P agg +1)/ P agg is a coefficient, considering the aggregates

voidage; Kz :Uagg/ P agg 1s a coefficient, considering complexly the

aggregates voidage and specific surface.
Taking into account the above mentioned expressions, the equation for concrete
mixture viscosity (3) takes the following form:

b(Kl _1) exp a(Vcem /Vw . 7)
Ki+oKy, 14V, 1V,

cem

Nem =K, exp
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As it follows from Eqgs. (3 and 4), as the C/W increases, the cement paste viscosity
increases exponentially and yields a corresponding growth of concrete mixture
viscosity. At C/W = const the concrete mixture viscosity decreases as 0 becomes
higher.
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Fig. 2. Dependence between concrete mixture viscosity and voluetric aggregate
concentration @,

With C/W change up to a certain (C/W),, the viscosity growth is compensated by
higher cement paste film thickness, that creates some water demand stability range
of a concrete mixture (Fig. 3).

It is confirmed analytically (Eq. (7)) confirms the hypothetical conclusion that in
certain limits variation of cement paste quantity and its viscosity mutually
compensate each other and viscosity of the entire system and consequently its
workability remain constant. Let present the volumetric concentration of cement
paste by volumetric water (V,,) and cement (V) contents:

v
Vc.p = Vw + Vcem = Vw + Vw ﬂ- (8)

w
Then dependence M_ = f(5) at W/C>(W/C),, and some optimum values of sand

part in aggregates mixture can be transformed to dependence between concrete
mixture viscosity and its water content (Fig. 4).
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Fig. 3. Dependence between concrete mixture viscosity (N.m ) and C/W: 1 — according Eq.

[7]; 2 — following (1)
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Fig. 4. Effect of concrete mixture viscosity on water demand: 1 — U,,, =70 m*/m’,
Poge=0.6; 2 — Upge =70 m*/m’, Ppyy = 0.5; 3 — Uy = 70 m*/m’, Py, = 0.4

The values of concrete mixture stiffness (Vebe, Vb) and cone slump (Sl) are in
close connection with the viscosity parameter 1., (Fig. 4). Dependencies
Vb=f(Nn.m) and S =f(n.m) can be approximated by linear equations (7):
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S1=44.6-0.9M, . 9)
Vb =2.06M, ,, —94.6. (10)

Table 3 presents experimental values of workability parameter for fine grain
concrete mixture and corresponding analytical values, calculated using Egs. (9 and
10).

Table 3.
Viscosity and workability values of a fine grain concrete mixture
Deviatio Deviation

Water S1, cm n of exp. Vebe, s

No. | deman, nc"f“’ SI values Ofl exp. Vb
ke/m’ Pa‘s from values ff)om

Exp. | Cale. | c.. % Exp. |Calc.| calc.,%
1 180* 62 - - - 27 33 17

2 180** | 57 - - - 26 23 14

3 190* 58 - - - 22 25 10

4 190** | 52 - - - 11 13 9

5 200* 53 - - - 17 15 18

6 200%* | 47 1.8 2.3 22 - - -

7 210%* 48 1.6 1.4 15 - - -

8 210%* | 44 | 44 5.0 12 - - -

9 220%* 45 3.4 4.1 18 - - -

10 | 220%* | 42 | 7.5 6.8 10 - - -

11 230* 42 | 5.6 6.8 17 - - -

12 | 230** | 39 | 10.5 9.5 11 - -

* Upge= 70 m/m’; Poge= 0.6; ** Uyeo = 70 m’/m’; P, =0.5.

Workability parameters are practically independent of W/C at W/C > (W/C),,, but
change at different concrete mixtures water contents. Experimentally established
that (W/C),, = 1,65...1.68 N.C [12], than at N.C = 0.25...0.28 (W/C)., =
0,43...0,45 and water content of 140...200 1/m’ the limit cement consumption
design diapason, for which the water demand constancy rule (RCWC) will remain
valid, 325...445 kg/m’.

Taking according to known recommendations [13] b = 0.42; o = 0.6...0.8 yields
the design concrete W/C, providing practically zero capillary porosity.

At W/C < (W/C),, its affect on cement paste and concrete mixture viscosity and
ultimate shear stress sharply increases. To keep the workability parameters
constant corresponding increase of the cement paste volume on aggregates grains
due to water content growth is required. Out the RCWC limits increase of C/W on
0.1 yields about 1...2% higher water demand of the concrete mixture [14].
According to well known concrete proportioning methods [4, 7] it is recommended
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to correct the mixtures water content at cement consumption over 350 kg/m’ or
400 kg/m’ adding 11 for each 10 kg/m’ of cement.

Conclusions. It is modified equation of concrete mixture viscosity T. Powers
based on the results of the rheological studies of the effect on the viscosity of the
cement paste and concrete mixture of cement and aggregates concentration,
emptiness and a specific surface aggregates, conditional average thickness of the
layer of cement paste in the aggregate grains. Eq. (7) analytically confirms the
hypothetical conclusion that in certain limits variation of cement paste quantity and
its viscosity mutually compensate each other and viscosity of the entire system and
consequently its workability remain constant . The empirical equations for the
slump and stiffness of concrete mixes are calculated, depending on the value of
their viscosity.
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