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Model for predicting plastic shrinkage of
polypropylene reinforced mortars
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There is increasing interest in the use of concretes reinforced with a low volume of polypropylene
fibres added as secondary reinforcement, mainly to control cracking due to plastic shrinkage at an
early age. This paper discusses the influence of water—cement ratio, cement—sand ratio and
amount of polypropylene fibres in the plastic shrinkage of mortars. A prediction method, based on
a factorial design of experiments, is also proposed.

1. Introduction

Fibre-reinforced concrete has been developed to im-
prove several properties of plain concrete [1]. Since
polypropylene fibre concrete has a relatively good
response to restraint in the early stages of shrinkage
[2-47, this paper discusses the shrinkage behaviour of
polypropylene fibre-reinforced mortar specimens with
different cement-sand and water—cement ratios and
fibre contents using a factorial design of experiments.

Design of experiments (DOX) is a topic within the
field of statistics [5-7]. It provides an efficient, struc-
tured approach to the problem of controlling a pro-
cess with a large number of variables, such as concrete
plastic shrinkage. By enabling one to efficiently ex-
plore the process using many variables, designed ex-
periments allow the engineer to determine which of
the variables have significant effects on the process.
Once they are identified through screening experi-
ments, additional experiments provide mapping of the
response surface and lead to efficient process optim-
ization.

In contrast, a traditional method for conducting
scientific experiments has been to hold everything
constant while changing only one variable at a time.
Data variation could then be attributed to the shift in
that variable. This method poses two problems: it is
very time consuming, and it does not measure the
interaction between two variables since they must be
varied simultaneously to see the effect. Often these
interaction effects are the strongest and most import-
ant factors in controlling a process.

2. Experimental procedure

2.1. Materials and mix proportions

A Spanish Portland cement, UNE 1/45 A, was used.
Its physical properties and chemical analyses are given
in Table I. The sand employed followed the Spanish
Standard, EH-91 [8].
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The commercial polypropylene fibres used in these
experiments had a rectangular cross-section and were
14 mm long. The specific gravity, modulus of elasticity
and tensile strength of the polypropylene fibres were
0.90, 3.5 kNmm~? and 0.56-0.77 kN mm ~2, respect-
ively.

2.2. Apparatus

Experimental equipment was designed to measure
plastic state shrinkage in mortars and concretes
(Fig. 1). It consists of a chamber, in which air flow
speed and temperature are held constant inside by
means of a fan (B in Fig. 1), an electrical resistance (C)
and a control system (A) connected to a thermometer
(D). The relative humidity was also recorded by means
of a hygrometer (G). In the interior of the chamber
two specimens of 20 x 150 x 1200 mm> were placed (H
in Fig. 1). Shrinkage was measured with extenso-
meters located on steel plates (F in Fig. 1) and connec-
ted to other steel plates by a steel rod (E in Fig. 1).

2.3. Testing procedure

The specimens used for studying shrinkage in the
plastic state (20 x 150 x 1200 mm?> were fabricated in
accordance with the proportions shown in Table II.
Once the extensometers are located on these speci-
mens, the chamber is closed and, in the interior, wind
speed and temperature conditions are set. The shrink-
age reading (mmm ™!} is measured over time.

2.4. Factorial design

The designed experiment described here for obtaining
the mortar mix, in order to have a reasonably low
plastic shrinkage, includes three variables. It allows
screening of all three variables with only nine samples.
Using the traditional one-variable-at-a-time approach
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TABLE I Physical and chemical properties of Spanish Portland
cement, UNE 1/45 A

Properties Resuits
Chemical properties (wt %)
SiO, 18.86
ALO; 3.82
Fe,0; 3.88
CaO 63.32
MgO 1.24
SO, 291
Loss on ignition 3.17
Insoluble residue 1.89
Alkali content 0.15
Na,O 1.04
K,0
Physical properties
Density 314 gem™3
Residue on 900 mesh 0.04%
Residue on 4900 mesh 0.35%
Soundness, Le Chatelier 0.3 mm
Compressive and tensile strength
After 3 days 16/3 MPa
After 7 days 26/5MPa
After 28 days 43/7 MPa
Time of setting (Vicat test)
Initial 160 min
Final 280 min

Lateral view

Figure 1 Schematic of experimental apparatus.

would require over 27 samples, In addition, with DOX
it is now possible to measure interaction effects which
may prove to be very important.

The level (setting) of each variable in an experiment
can cover a large range. However, the intention is not
to test the extremes of the process, but to sample
a reasonable range of the values of interest. If a vari-

able is significant, and the results show that extreme
values are desirable, subsequent experiments can ex-
plore this new range.

To illustrate factorial designs, let us represent
a simple version by the corners of a cube (Fig. 2). The
corner points (cells) include all of the possible factorial
combinations of three variables at two levels each. The
four corners shown as solid balls, are the ones that
would be required for a half fraction experiment. The
fractional designs select a subset of cells that optimize
the validity of the most important statistics (mean,
main effects and two level interactions), while sacrifi-
cing the validity of higher level interactions (three level
and above). For most engineering work this repres-
ents a reasonable compromise.

To obtain the optimum matrix composition and
polypropylene fibre content of the composite, the
Box—Hunter statistical method was applied to the
experimental results of the plastic shrinkage property,
in a wide range of three variables and with a small
number of experiences. In this special case the three
variable method was used.

A design of this type, with eight experiences on the
cube corners and three in the centre, is shown in
Fig. 2. This design is formed by 11 experimental com-
binations distributed as follows:

(a) Eight combinations corresponding to the fac-
torial design 23.

{b) Three experiences in the centre in order to cal-
culate the experimental error.

The compositions of the samples utilized in this
study are shown in Table III, being the variables
studied where: X; is the water—cement ratio (W/C), X,
the cement—sand ratio (C/S) and Xj; the percentage of
polypropylene fibres (PP).

To establish the experimental levels it is necessary
to code all the variables in order to obtain the three
levels of 1, 6 and  + 1. The levels or values of the coded
variables X;, X, and X; were obtained from Equa-
tion 1

x, = X% M)

where X; is the value or level to code, X; is the
uncoded variable, X, is the central value (mean value
of the matrix composition) and & is the distance be-
tween the central value and the +1 and —1 levels.

TABLE II Details of specimens used for studying shrinkage in the plastic state

Experiment no. 1 2 3 4 5 6 7 8 9
Cement-sand 1:3 1:3 1:1 1:1 1:2 1:3 1:3 1:1 1:1
Water—cement 045 045 0.45 0.45 0.5 0.55 0.55 Q.55 0.55
Polypropylene fibre 0.00 0.20 0.00 0.20 0.10 0.00 0.20 0.00 0.20
content (VOL %)

Experiment no. 10 11 12 13 14 15

Cement—sand 1:2 1:2 1:9 1:0.8 1:2 1.2

Water—cement 0.42 0.58 0.50 0.50 0.50 0.50

Polypropylene fibre 0.10 0.10 0.10 0.10 0.27 0.00

content (VOL %)
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1:1
Cement-sand 1:2 o
1:310 0.1 0.2
0.45 Fibre | content (%)
0.50
Water-cement
Figure 2 Example of a simple factorial design.
TABLE III Variable levels
Parameter Lower Central Higher
value value (0) value
(=1 (+1)
X (W/C) 0.45 0.50 0.55
X, (C/S) 1:3 1:2 1:1
X5 (PP) 0.00 0.10 0.20

The corresponding values of both variables, com-
piled in Table III, were calculated bearing in mind
that the percentages of fibres vary from 0 to 0.2 % by
volume of the mortar matrix composition, the C/S
ratio varies between 1:1 and 1:3 and the W/C content
may vary from 0 to 0.6 % in the mortar.

Nine mortar mixes were made, with different ce-
ment-—sand (C/S) and water—cement ratios (W/C) and
polypropylene fibre content in percentage by volume
of mortar (PP), that cover the working range pro-
posed to study the effect of the mix proportions on
plastic shrinkage. Then, there is a 23 factorial design
experiment. The coding values for the different para-
meters are shown in Table 111

3. Results and discussion

Fig. 3 shows a characteristic trend obtained in the
shrinkage tests. Three different stages are observed: (1)
slight expansion due to the settling of layers on the
mortar; (2) strong mortar shrinkage; and (3) loss of
plastic state.

All the mortar mixes were tested by the method
described in the experimental part, obtaining the plas-
tic shrinkage results shown in Fig. 4.

The results obtained at the central point had a stand-
ard deviation of 0.1021, which confirms that the sys-
tem considered for measurement of plastic shrinkage
in mortars and concretes is accurate. The results are
summed up in Fig. 4. It can be observed that higher
shrinkage due to a higher amount of cement is more
evident in “dry” mortars (water—cement = 0.45) than
in the more fluid ones (water—cement = 0.55). This
occurs because of the effect of the polypropylene fibres
in less porous mortars (W/C = 045 and C/S = 1:3),
is more significant than in the more porous ones.

200

100

Shrinkage {102 mm)

O \J
0 180
Time (min}

360

Figure 3 Shrinkage versus duration of testing.
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w/C 0.45 0.50 0.55

Figure 4 Plastic shrinkage results: [ 0% pp; & 0.1% pp; W 0.2%
pp-

Shrinkage reduction when the fibre content is in-
creased in C/S of 1:3 mortars is influenced little by the
water—cement ratio (W/C = 0.45 and 0.55), this being
practically constant.

Summing up, it can be said that the fibre addition
leads to less shrinkage, except in mortars having
C/S = 1:4 and W/C = 0.45. This increase is less sig-
nificant and may be produced by the increase in capil-
lary pore content due to fibres addition in very porous
mortar. This fact leads to more intense bleeding of the
pore solution through the capillary pores.

In order to determine the experimental error and
the curvature effect, a confidence level of 95% has
been selected. It means that there exists a 95% possib-
ility of the measure being the most accurate data
obtained, with an infinte number of experiments.

Table IV shows the influence calculation. It shows
that significant influences, which are bigger than ex-
perimental error, are: (a) the water—cement ratio, (b)
the cement—sand ratio, and (c) the polyprolylene fibre
content. The curvature value is bigger than the con-
fidance interval. This fact does not allow us to con-
sider a linear model to determine the influence be-
tween variables.

3.1. Full design
A star design was made in order to complement (fulfil)
the pure factorial design and take into account the
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TABLE IV Main effects and interactions

Parameters Main effects and interactions

w/C 0.3650

C/S 1.2000

PP —0.1700

W/CC/S —0.5500

C/S PP — 0.1000

W/C PP 0.1050

W/C C/S PP —0.1150

Standard error 0.1624

Curvature effect —0.2240

Confidance interval of the

curvature effect 0.1980

TABLE V Variable levels

Parameter Lower Central Higher
value value (0) value
(-2 (+ao)

X, (W/0) 0.42 0.50 0.58

X, (C/S) 1:9 1:2 1:0.8

X; (PP) 0.00 0.10 0.28

curvature effect [9]. These two designs form
a Box—Wilson factorial design, which needed the com-
plementary tests shown in Table I (experiments
10-15).

The o value for orthogonal designs is calculated
using Equation 2, where K is the number of factors. In
this case three independent variables exist.

o = 2K4 2

Six more combinations are needed to obtain central
design rotability; these are called “star” combinations.
Now, the coding values for the three parameters are
shown in Table V.

The first experiment found in the matrix was not
possible to achieve, due to the impossibility of having
a negative polypropylene value. This problem was
solved by considering a value for polypropylene fibre
content equal to zero.

Fig. 5 shows the experiments corresponding to the
star design. Their results are summarized in Fig. 6, in
which it is possible to observe the lowest plastic
shrinkage in mortars having a low cement content
(C/S=1:9), and the highest in rich mortars
(C/S = 1:0.8). These results are in accordance with
the influence calculation made above, where the para-
meter most affecting the plastic shrinkage of mortars
is the cement—sand ratio.

The results obtained for cement—sand ratios equal
to 1:2, and water—cement ratios of 0.5 without fibres
and 0.58 with 0.1 vol % polypropylene fibres, are sim-
ilar. This data suggests that, sometimes, the positive
effect of fibre addition might compensate for an excess
of mixing water. The results of other dry mortars
(C/S =1:2; PP =0.1vol%; W/C =042 and 0.58)
also confirm the trend explained above, with shrink-
age in these mortars being less.

Data obtained in the plastic shrinkage of mortar
tests, were fitted to a polynomial function of the type
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Figure 5 Schematic of star design experiment.
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Figure 6 Star design plastic shrinkage results: & 0% pp; & 0.1%
rp; B 0.2% pp.

shown in Equation 3, using the Marquard algorithm
{non-linear regression method): while R is the plastic
shrinkage in millimetres, By, By, B,, ..., B, are con-
stants; W/C is the water—cement ratio; C/S the ce-
ment-sand ratio; and PP the polypropylene fibre con-
tent by mortar volume.

R = By + B, xC/S + B, x W/C + By x PP
+ B, x W/C x C/S + Bs x W/C x PP
+ Bs x C/S x PP + B, x W/C
x C/S x PP + By x C/S? + ... (3)
Finally, the result obtained is
R = —415+ 380 xC/S + 793
x W/C — 0.76 x PP — 11.28 x PP3
— 1071 x (C/S x W/C)? 4

The polynomial equation obtained (Equation 4) per-
mitted accurate reproduction of the experimental
data, having an average error of 19.70 % (Table VI).
This value was only higher in dry mortar experiments.
The rest of the experiments gave noticeably smaller
eITors.

The proposed model permits semiquantitative cal-
culation of the influence of the parameters studied.

From the polynomial function obtained, it can be
deduced that the parameters most positively affecting



TABLE VI Experimental results and prediction errors

Test C/S W/C PP  Result Prediction Error
number (mm) (mm) (%)
1 1.00 045 000 205 2.24 —9.19
2 1.00 045 020 220 2.00 9.27
3 .00 055 0.00 2.08 2.23 —6.97
4 1.00 055 020 1.80 1.98 —10.15
5 033 045 000 052 0.65 — 2425
6 033 045 020 023 0.40 — 7552
7 033 055 000 142 1.41 0.77
8 033 055 020 1.16 1.17 —0.57
9 050 050 010 1.62 1.46 10.01
10 050 050 010 1.59 1.46 8.31
11 050 050 010 1.78 1.46 18.10
12 050 0.58 0.10 1.86 2.00 — 742
13 050 042 010 042 0.89 — 11234
14 050 050 027 118 1.12 5.28
15 0.11 050 0.10 016 0.15 8.20
16 1.25 050 010 205 1.86 9.39
17 0.50 0.50 000 191 1.55 19.10

plastic shrinkage of mortars are the cement/sand ratio
and the water/cement ratio, according to the main
effects and interactions studied. However, it is notice-
able that these parameters working together act neg-
atively, although this effect is less than when the para-
meters act separately. With regard to the amount of
fibres, they have a negative affect, and have less influ-
ence on shrinkage.

4. Conclusions
The optimization of a composite, based on plain and
polypropylene mortars, has been studied. Experi-
mental design techniques enable investigation of fibre
reinforced mortar plastic shrinkage, obtaining results
that corroborate theoretical and instrumental test res-
ults. This produces great savings in time, resources
and investigation costs. The validity of the results is
limited to the experimental range considered, due to
the high heterogeneity of the material studied.
Working at high PP and low values of C/S and
W/C gives the lower plastic shrinkage result. How-
ever, it is necessary to take into account further para-

meters, such as workability, in order to obtain a good
quality mortar.

A polynomial function has been obtained for pre-
dicting plastic shrinkage of polypropylene reinforced
mortars, in° which it can be deduced that the para-
meters most affecting the plastic shrinkage of mortars
positively are the cement—sand and water—cement ra-
tios. However, both parameters working together
negatively influence plastic shrinkage. The amount of
fibres also has a negative affect, but its effect is of less
significance.
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