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h i g h l i g h t s

� Bleeding of cement paste and ground-granulated blast-furnace slag (GGBFS) paste is measured under high pressure.
� The bleeding ratio and volume decrease are automatically measured by the proposed device.
� They evaluate the packing density and permeability of the paste mixed with the two powder.
� As a result, the GGPFS paste has lower packing density and higher permeability than the cement paste.
� The findings support that a concrete mix incorporating GGBFS shows lower amount and faster rate of its bleeding.
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a b s t r a c t

Bleeding occurs when freshly mixed cement-based materials settle in a form, and this phenomenon influ-
ences the quality of the fresh state as well as the hardened state. This paper attempts to measure the
bleeding of Portland cement and ground granulated blast furnace slag (GGBFS) paste mixtures. To inves-
tigate the influence of water-to-powder ratio and the used powders under high pressure on bleeding, a
pressure vessel and various types of freshly mixed paste were prepared. The packing density and perme-
ability were measured and discussed to understand material effects on the bleeding phenomenon.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete is composed of a combination of cementitious materi-
als, water, sand, and gravel and is the most widely used construc-
tion material. Bleeding generally occurs after those components
have been mixed and then placed. Bleeding is water drainage out
to the surface of freshly mixed concrete due to the settlement of
solid components (cement particles or aggregates) of fresh mix-
tures [1], and it is related to the physical properties, permeability,
of fresh concrete. Free water is not captured in clusters or flocs of
cement particles. It has intra-mixture mobility and flows out due
to a pressure gradient. The water drainage is beneficial to casting
of concrete in some cases as well as pumping efficiency. However,
this bleed water is unwelcome in terms of and surface quality.

Prediction of bleeding amount is necessary for quality control
and evaluation of fresh mixtures. Several factors, such as

constituents of the mix, mixing protocol, mix proportion, and
dimensional or environmental conditions, mainly influence the
occurrence of bleeding [1–3]. For example, an environmentally
dried condition after placing a concrete mixture leads to high evap-
oration and induces a decrease of bleeding [2]. Similarly, addition-
ally used steel fibers of a concrete mixture control the occurrence
of bleeding [4], and characteristics of aggregates (shape and size
effect) that are used in the mixture significantly influence the
bleeding parameters [3]. The total bleeding amount and the drain-
ing rate according to the proportional ratio of net mixing water
are representative bleeding parameters, and in order to manually
measure both bleeding parameters of cement-based materials, a
conventional test method based on self-weight settlement is
widely used in accordance with ASTM C232 or ASTM C243 [5,6].

To describe and predict the bleeding phenomenon of cement-
based materials, various theoretical models based on large strain
upon consolidation under self-weight loading have been proposed
[1,7–17]. A prediction model based on small strain upon consolida-
tion was recently proposed by the authors to identify the external
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and internal bleeding via linear poroelasticity theory [3], where the
internal bleeding is defined as abnormally trapped bleeding water
under rebar or angular aggregates after consolidation. The internal
bleed water induces decreased durability and bonding strength
after concrete hardens [18,19]. Bleeding properties are also
affected by the pressure generated on the mixture, and an experi-
mental simulation was recently performed to investigate the
bleeding phenomenon under high pressure [20]. Such high pres-
sures typically occur in the case of pumping processes, high col-
umn construction, and precasting process, such as extrusion flow
of paste [27].

Meanwhile, self-consolidating concrete (SCC) is now widely
used around the world and chemical admixtures (such as superp-
lasticizer) or mineral admixtures (fly ash or GGBFS) are frequently
incorporated. Even though experimental results of SCC reportedly
shows little surface bleeding [21,22], high dosage of chemical
admixture reduces bleeding rate and leads to unstable paste [28].
The bleeding of cement paste as a function of the high-range
water-reducing admixture and water content is recently reported
by Perrot et al. [29]. Little bleeding on the surface conversely indi-
cates a risk of internal bleeding in SCC. In addition, the influence of
GGBFS or fly ash in terms of promoting bleeding was reported by
some researchers [23–25]. That is probably due to the change of
packing of their binders. This study applied an experimental
approach to measure the bleeding of a paste mixture under high
pressure and to identify the effects of GGBFS, which have not been
reported in the literature. A total of 10 mixtures were prepared
using Portland cement and GGBFS to investigate the influence of
water-to-powder ratio. To apply high pressure in the fresh mixture,
a fabricated pressure vessel was used and pressurized bleeding
tests were performed according to different high pressures of up
to 25 bar (2.5 MPa). Visual investigation was performed using
SEM images to identify morphological similarity of the used pow-
ders before mixing and during flocculation of setting pastes. The
measured packing density and permeability were thus evaluated
with different powders and mix proportions.

2. Sample preparation

Two types of freshly mixed paste samples were prepared and
grouped into Type I Portland cement (labeled C) and GGBFS
(labeled S). Each group consists of five mixtures having a different

water-to-powder ratio (w/p) by mass to investigate the influence of
water-to-powder ratio on bleeding under high pressure as well as
the powder effect. Mix proportions and the solid volume fraction of
prepared samples are also reported in Table 1. Other chemical
admixtures were not used. Table 2 shows the oxide composition
of the used powders, such as Portland cement and GGBFS. The spe-
cific density of Portland cement and GGBFS was 3.14 and 2.95,
respectively, and their Blaine numbers were 3350 cm2/g and
4140 cm2/g, respectively. The measured Blaine number indicates
that the average particle dimension of the GGBFS used in this study
is generally smaller than that of the cement particles, which is
valid assuming that both powders have the same shape. Measure-
ment of the particle size distributions of both powders was also
performed under a condition of alcoholic dilution using a laser dif-
fraction particle size analyzer. The obtained distributions in log-
scale are compared in Fig. 1. The maximum size of both powders
is about 200 lm, and the median of cement is higher than 20 lm
whereas that of GGBFS is lower than 20 lm. As can be seen from
the compared distributions, cement powder is more normally dis-
tributed than GGBFS powder, but the overall distributions of the
two powders are similar.

To ensure an identical mixing protocol, a planetary mixer was
used and the following mixing conditions were maintained. Total
mixing time was 5 min including 1 min of scraping, and the mixed
sample was then placed immediately for bleeding measurement.
The following bleeding measurement thus starts at 6 min after
the water contacts the powder.

To identify whether the used powders have the same particle
shape as stated in the foregoing assumption, both powders
(cement and GGBFS), as well as fly ash for comparison, were visu-
alized at the micro-scale via scanning electron microscopy (SEM).
The SEM backscattered electron images provide morphological
information of cement-based materials at the micro-scale, and
have been used in studies such as investigation of morphological
change due to thermal damage of concrete [26]. This study
attempted to visualize the prepared powders before mixing with
water. Specimens were prepared for SEM by sprinkling powdered
samples onto a carbon tape sample holder, and then coating them
with gold. Fig. 2 shows SEM images of the cement, GGBFS, and fly
ash powder with different magnification from 1000 to 15,000
times, respectively. As can be seen in Fig. 2, cement and GGBFS
powders have similar morphology as crushed particles, but fly
ash has a spherical shape even though the size distribution appears
to be in a similar range with the other powders. The crushed mor-
phology of cement and GGBFS is indicative of pulverized powders.
The similar morphology of the used powders in this study there-
fore excludes the shape effect during bleeding measurement under
high pressure.

3. Experimental setup

To measure the bleeding of a paste mixture under high pres-
sure, a pressure vessel was fabricated using a pneumatic cylinder.
The experimental setup is illustrated in Fig. 3. An LVDT displace-
ment sensor was located on the top of the pneumatic cylinder to
monitor the total settlement of the pressurized mixture and its set-
tled ratio. The pneumatic cylinder produces elevated stress up to
25 bar (2.5 MPa) into the pressure vessel through an internal

Table 1
Mix proportion of prepared mixtures.

Label Water [g] Cement [g] GGBFS [g] w/p [%]� /�

C1 105 299 – 35 0.48
C2 111 278 – 40 0.44
C3 117 260 – 45 0.41
C4 112 244 – 50 0.39
C5 127 260 – 55 0.37
S1 99 – 299 33 0.49
S2 106 – 278 38 0.46
S3 112 – 260 43 0.43
S4 117 – 244 48 0.40
S5 121 – 232 52 0.38

� Water-to-powder ratio by mass.
� Solid volume fraction.

Table 2
Oxide composition of the used powders (%).

Chemical CaO SiO2 Al2O3 MgO SO3 Fe2O3 K2O TiO2 Na2O Cr2O3

Cement 63.6 19.2 4.8 3.8 3.7 3.0 1.1 0.3 0.2 –
GGBFS 44.3 33.7 11.6 4.3 1.5 1.2 0.4 0.7 0.2 1.3
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