
Combined effects of water film, paste film and mortar film thicknesses
on fresh properties of concrete

Albert K.H. Kwan ⇑, Leo G. Li
Department of Civil Engineering, The University of Hong Kong, Pokfulam Road, Hong Kong

h i g h l i g h t s

� Fresh properties of concrete are governed by the water, paste and mortar film thicknesses.
� Effects of these film thicknesses on flowability, cohesiveness and passing ability are studied.
� The mortar film thickness has negative effect on flow rate but critical effect on passing ability.
� A concrete mix design method based on these film thicknesses could be developed.
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a b s t r a c t

It is well known that the water content, paste volume and aggregate grading have great effects on the
flowability, cohesiveness and passing ability of concrete, but it is not easy to explain, quantify and predict
their effects. Herein, it is proposed to evaluate their effects in terms of water film thickness (WFT), paste
film thickness (PFT) and mortar film thickness (MFT). A series of concrete mixes with varying water/
cement ratio, paste volume and fine/total aggregate ratio were produced for flow spread, flow rate, cohe-
siveness and passing ability tests. Correlation of the test results to the WFT, PFT and MFT revealed that
besides the WFT and PFT, the MFT has certain effects on the fresh properties of concrete. Particularly,
the MFT has little effect on flow spread, negative effect on flow rate, positive effect on cohesiveness
and critical effect on passing ability. Based on these findings, suitable ranges of WFT, PFT and MFT are
recommended.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Although concrete has been the most widely used construction
material [1] and the performance of concrete has increased tre-
mendously in recent years [2], it is not clear yet how the various
concrete mix parameters affect the performance of concrete and
how these could be optimized for best performance. Most concrete
engineers are still designing their concrete mixes by trial concrete
mixing, which is tedious, time consuming and often too slow in
responding to sudden changes in the properties of the ingredients.
With the advent of high-performance concrete (HPC), which are re-
quired to have all round high performance in various attributes,
such as strength, workability, durability, dimensional stability,
cohesiveness and passing ability [2], the concrete mix design has
become even more difficult. A more fundamental understanding
of concrete and a more systematic approach to concrete mix design
are desired.

For several decades, it has been postulated that the packing
density of the solid particles has major effects on the performance
of concrete [3,4]. Basically, a higher packing density of the aggre-
gate particles would reduce the volume of voids to be filled with
paste and thus allow the use of a smaller paste volume to improve
the dimensional stability. Likewise, a higher packing density of the
cementitious materials would reduce the volume of voids to be
filled with water and thus allow the use of a lower water/cementi-
tious materials (W/CM) ratio to increase the strength and durabil-
ity. Alternatively, for a given paste volume, a higher packing
density of the aggregate particles would result in more excess
paste (paste in excess of that needed to fill voids between aggre-
gate particles) for lubricating the aggregate particles whereas for
a given W/CM ratio, a higher packing density of the cementitious
materials would result in more excess water (water in excess of
that needed to fill voids between cementitious materials) for lubri-
cating the cementitious materials. Both the excess paste and excess
water would increase the workability of concrete.

The surface area of the solid particles also has some effects be-
cause a larger surface area of the aggregate would lead to a smaller
paste film thickness (PFT) and a larger surface area of the
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cementitious materials would lead to a smaller water film thick-
ness (WFT). For this reason, the authors’ research team has been
advocating that the factors governing the rheological performance
of concrete are the WFT and PFT, rather than the packing density
(in fact, Neville [5] mentioned that an aggregate graded to give
maximum packing density makes a harsh concrete mix). However,
the packing densities of cementitious materials and fine aggregate
are not easy to measure and without such data, the WFT and PFT
cannot be determined. Due to the existence of inter-particles forces
causing agglomeration, the traditional dry packing test tends to
underestimate the packing density of fine particles. To resolve this
problem, the authors’ research team has developed a wet packing
test that measures the packing densities of cementitious materials
and fine aggregate under wet condition [6–8]. In reality, paste,
mortar and concrete are wet when freshly mixed and thus the
packing density of the solid particles contained therein should be
measured under wet condition. This wet packing test has also been
adopted by others [9].

For a paste (or the paste portion of mortar or concrete), which
comprises of water and cementitious materials, there is no doubt
that the water content, packing density and solid surface area of
cementitious materials have major effects on the rheological prop-
erties. The water content and packing density of cementitious
materials would together determine the amount of excess water
available for lubrication and the solid surface area of cementitious
materials would thin down the excess water to form water films
coating the cementitious materials [10–14]. In recent years, the
authors’ research team has proposed to combine the water con-
tent, packing density and solid surface area of cementitious mate-
rials into the WFT, which may be calculated as the excess water to
solid surface area ratio, and proved that the WFT is the single most
important factor governing the fresh properties of paste [15,16].

For a mortar (or the mortar portion of concrete), which com-
prises of paste and fine aggregate, in addition to those factors
affecting the WFT, the paste content also has major effects on the
rheological properties. The paste content and packing density of
fine aggregate would together determine the amount of excess
paste and the solid surface area of fine aggregate would thin down
the excess paste to form paste films coating the fine aggregate [17–
21]. Recently, the authors’ research team has proposed to combine
the paste content, packing density and solid surface area of fine
aggregate into the PFT, which may be calculated as the excess
paste to solid surface area ratio, and showed that the WFT and
PFT are the key factors governing the fresh properties of mortar
[22,23].

For a concrete, which comprises of mortar and coarse aggregate,
in addition to those factors affecting the WFT and PFT, the mortar
content also has major effects on the rheological properties. Neville
[5] observed that the workability is improved when there is an ex-
cess of mortar above that required to fill the voids in the coarse
aggregate. Domone [24] suggested that there needs to be a layer
of mortar, which has to be sufficiently thick and flowable, to coat
every coarse aggregate particle. Lachemi et al. [25] and Ng et al.
[26] both pointed out that the fresh properties of a concrete are
closely related to the rheology of its mortar portion. Herein, the
concepts of excess mortar and mortar film thickness (MFT) are
introduced. The excess mortar is the mortar in excess of that
needed to fill voids between coarse aggregate particles whereas
the MFT may be determined as the excess mortar to solid surface
area ratio. It is postulated that whilst the WFT and PFT govern
the rheology of the mortar portion, the MFT has certain effects
on the fresh properties of concrete.

The authors are of the view that the major factors affecting the
performance of concrete are the WFT, PFT and MFT. If the com-
bined effects of WFT, PFT and MFT are well understood, then it
should be possible to develop a systematic concrete mix design

method based on the WFT, PFT and MFT. The authors call this de-
sign method a three-tier concrete mix design method. The central
idea is to design the concrete mix in three tiers, first the paste, then
the mortar and finally the concrete, by choosing suitable values for
the WFT, PFT and MFT. It is envisaged that this design method
would allow the various concrete mix parameters to be optimized
for best performance.

In the present study, the combined effects of WFT, PFT and MFT
on the fresh properties of concrete are investigated by producing
and testing concrete mixes with different combinations of paste
volume, water/cement ratio and fine/total aggregate ratio. The test
results revealed for the first time the combined effects of WFT, PFT
and MFT on the flow spread, flow rate, sieve segregation index and
U-box filling height of concrete and that the effects of MFT could be
positive or negative.

2. Experimental details

2.1. Materials

An ordinary Portland cement (OPC) of strength class 52.5 N complying with BS
12: 1996 [27] was used. It had been measured to have a relative density of 3.11.
Crushed granite rocks were used for the fine and coarse aggregates. The fine aggre-
gate had a nominal maximum size of 5 mm whereas the coarse aggregate com-
prised of 10 mm nominal size aggregate and 20 mm nominal size aggregate. Both
the fine aggregate and coarse aggregate, which were of the same origin, had the
same relative density of 2.56. A polycarboxylate-based superplasticizer (SP) was
added to each concrete mix. It was a milky white solution with a solid content of
20%. It can disperse the fine particles in concrete by both electrostatic repulsion
and steric hindrance.

For the OPC and the portion of fine aggregate finer than 1.2 mm, a laser diffrac-
tion particle size analyzer was used to measure the particle size distributions. For
the portion of fine aggregate coarser than 1.2 mm, the 10 mm coarse aggregate
and the 20 mm coarse aggregate, the mechanical sieving method was used to deter-
mine the particle size distributions. From these particle size distributions, plotted in
Fig. 1, the specific surface areas of the OPC, the fine aggregate, the portion of fine
aggregate >75 lm in size (excluding the portion finer than 75 lm), the portion of
fine aggregate >1.2 mm in size (excluding the portion finer than 1.2 mm), the
10 mm coarse aggregate and the 20 mm coarse aggregate were calculated as
1.55 � 106, 5.12 � 104, 1.03 � 104, 2.04 � 103, 642 and 398 m2/m3, respectively.

2.2. Mix proportions

A total of 32 trial concrete mixes with varying paste volume (PV), water/cement
(W/C) ratio, and fine/total aggregate (F/T) ratio were produced for testing. The con-
crete mixes were divided into two groups, one with the PV set as 30% and the other
with the PV set as 34% by volume of concrete. In each group, the W/C ratio by
weight was varied from 0.25 to 0.55 in steps of 0.10 while the F/T ratio by weight
was varied from 0.30 to 0.60 in steps of 0.10. In all concrete mixes, the 10 mm
aggregate to 20 mm aggregate ratio was fixed at 1.0 and the SP dosage (measured
in terms of liquid weight) was fixed at 2% by weight of the cement content. For easy
identification, each concrete mix was assigned a mix number of PV-W/C ratio-F/T
ratio, as listed in Table 1.
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Fig. 1. Particle size distributions of cement, fine aggregate, 10 mm aggregate and
20 mm aggregate.
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