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Analysis of Tremie Concrete Behaviour During Bleeding
Technical Abstract

Jin Zheng {(Homerton College)
Supervisor: Dr, Giovanna Biscontin

Bleeding of tremie concrete in deep foundations is becoming a concern on construction sites, due to
the need for large amounts@deep foundations and high workability from the application of super-
plasticiser. Bleeding of tremie concrete can cause or aggravate channelling, segregation, mattressing
and bleed water accumulation around aggregate and reinforcement. These imperfections can lead
to further non-uniform strength distribution, reinforcement corrosion and other durability problems.
Moreover, the current on-site bleeding test is not compulsory and lasts for two hours, yet it only has

a single limit on the average bleeding rate. As a result, a better understanding of the bleeding mecha-

nism of modern tremie concrete can help the industry to improve the current site test and minimise the
adverse impacts of bleeding. This project was consequently proposed to analyse the tremie concrete
behaviour during bleeding, along with objectives to confirm a proposed bleeding model based on the
literature review, and to provide recommendations for improving the site test and reducing excessive
bleeding based on the analysis of results from the developed experiment.

There are two main models employed to explain the bleeding mechanism: sedimentation and consoli-
dation. Bleeding rate and bleeding capacity are the two factors influencing the bleeding phenomenon.
Due to the size and boundary conditions of deep foundations, the one-dimensional self-weight con-
solidation model was suggested to describe the bleeding mechanism of modern tremie concrete. The-
oretical solutions of one-dimensional self-weight consolidation were then derived from Terzaghi’s
equation.

Since the addition of chemical admixtures and the high content of fine particles can influence the
measurement of surface subsidence, the proposed model was decided to be confirmed by the pore
pressure measurement which is the driver of the consolidation mechanism. Nonetheless, no previous
study confirms the bleeding of modern concrete by examining pore pressure variations.

The Pore Pressure Cylinder (PPC) test was accordingly designed to determine pore pressure variations
during bleeding. The PPC apparatus was set up and preliminarily tested in the Michaelmas term. In
the preliminary tests, a reference mix design and five other extreme cases of bleeding (by modifying
the water-binder ratio, and amount of fine sand and superplasticiser) were used to examine the validity,
reliability and repeatability of the PPC test. The test results showed that the PPC test was suitable for
further experiments to validate the proposed bleeding model.

Moreover, the PPC test was also performed on site to check its site practicality and the quality of lab-
oratory tremie concrete. Regardless of the noticeable rgoise on site, the PPC test produced analysable
results. The site test data also improved the preparation of laboratory tremie concrete by adding a

pre-saturation stage, leading to the bleeding behaviour of the reference mix design becoming similar
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to the tremie concrete used on site.

Five repeated experiments of the reference mix design were performed to compare with the proposed
bleeding model. The experimental results were to some extent close to the theoretical solutions of
the model, but not all repeated results aligned closely with those solutions. It was observed that there
might be other reactions (i.e. setting, hydration, etc.) dominating tremie concrete behaviour after
around 15 minutes, as the pore pressure dissipation rate (thus, the bleeding rate) was significantly
reduced. Nevertheless, the comparison of results over the initial 15 minutes still showed discrepancies
between experimental results and theoretical solutions.

The experimental data and observations indicated that the pre-saturation stage can increase the initial
bleeding rate and worsen bleeding. Since the bleeding capacity is related to the designed water content
that should be re-absorbed by tremie concrete at last, it can be concluded that the initial bleeding rate
probably dominates the overall bleeding, and more attention should be paid to it in the future research.
Another attempt was also made to study the effect of the specific surface area on bleeding. Four
additional experiments (pure cement paste, cement paste with fine sand, reference mix with less
fine sand, and reference mix with more fine sand) were carried out. The decrease of the specific
surface area generally increased the bleeding rate. The experimental data of modern cement pastes
(used in this project) were similar to the results reported in a recent study, but not to an earlier study
with traditional cement pastes. This may indicate the difference between the modern and traditional
cement-based materials.

Furthermore, the proposed bleeding model was also examined with the results from the specific sur-
face area tests. For the first 15 minutes, theoretical solutions were found to be closer to the exper-
imental results from the specific surface area tests than those from repetitions of the reference mix
design. This may indicate that the data from repetitions of the reference mix design were not accurate
enough, and this might be caused by the preparation of laboratory tremie concrete. Therefore, further
work is required to improve the consistency of the prepared tremie concrete. Future repetitions should
also include parallel standard tests to check the consistency of tremie concrete.

Overall, the PPC test was proved to be applicable to analyse the bleeding of tremie concrete. An
approximate range of bleeding rates can be deduced for a certain type of tremie concrete based on
repetitions of the PPC test. Moreover, there is potential for using the PPC test on site to improve
the robustness of the site bleeding test while reducing its duration. However, revisions are required
for the proposed one-dimensional self-weight consolidation model, along with improvements on the
production of laboratory tremie concrete. The pre-saturation stage and the amount of fine sand can
affect bleeding of tremie concrete, but any modifications should take account of their impacts on other

tremie concrete properties.
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1 Introduction

1.1 Project Motivation

Tremie concrete is a special type of Self-Compacting Concrete (SCC) used in deep foundation
construction. It is placed by tremie pipes under submerged conditions, as shown in Figure 1.1 [1].
Bleeding describes the phenomenon when water gradually appears on the top of freshly mixed
concrete afier placement [2]. Figure 1.2 shows bleeding in one of the experiments performed in
this project.
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Figure 1.1: Tremie concrete placing method [!]
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Figure 1.2: Observation of bleeding after 40 minutes of tremie concrete placement

Bleeding is generally not a major concern for normal concrete in thin slabs and walls [3]. For deep
foundations and retaining walls, however, bleeding of tremie concrete is becoming a concern on
construction sites [1, 3, 4]. There are two main reasons for such a concern [1, 5]:

1. The foundation size requires a considerable amount of tremie concrete;
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1.1 Praject Motivation

2. The addition of superplasticiser enables tremie concrete to have a much longer workability
period before setting than under normal conditions.

Figures 1.3 and 1.4 show the grout volcano and aggregate-deficient zone in deep foundations
observed in recent research, as an excessive amount of bleed water was rapidly extruded to the top

of tremie concrete [4].

Cement grout i

partly
demolished

Grout Volcano

Figure 1.3: Grout volcano [4] Figure 1.4: Aggregate-deficient zone [4]

Bleeding of tremie concrete can cause or aggravate at least four effects in deep foundations and
retaining walls. First, bleeding aggravates the segregation of materials in a structure [1, 3]. Research
shows that the decrease in density from the bottom to the top of the pile (due to segregation) leads
to a decrease in strength in the same direction [1, 3]. The reduction in strength at the top of the
pile, therefore, may cause the performance to be inconsistent with design expectations [4]. The
graphical log in Figure 1.5 examines the segregation of tremie concrete by measuring the density
of different pile samples. It can be seen that aggregate-deficient (grout and mortar) zones extend up
to 4 meters below the cut-off level [4].

Second, as water sceps to the top of the placement, channels form along the vertical reinforcement
and on the surface of the structure [1, 2]. Since bleed channels can have considerable sizes, issues
can arise with regards to the durability of the structure [1, 3, 4]. Figure 1.6 shows the channelling
on the surface of a retaining wall [6].

Third, the paste-aggregate and paste-reinforcement bond strengths are reduced when bleed water
accumulates and forms voids around large aggregate and reinforcement, (Figure 1.7) [3, 6]. The
reduction in bond strengths reduces the overall structure strength. Excessive water collection and
void formation around reinforcement can also trigger corrosion [3].

Finally, bleed channels can exaggerate the vertical mattressing effect (Figure 1.8). The section plot
of the mattressing effect in Figure 1.9 illustrates how tremie concrete is trapped in the shadow of
the reinforcement during mattressing. Vertical bleed channels can increase the extent of mattressing
by resisting the flow of tremie concrete around reinforcement [1]. Insufficient covers in a structure
can lead to durability and bearing capacity problems [1].

Nevertheless, current site tests of bleeding is not compulsory and lasts for two hours [7, 8]; a
significantly long time for a site to wait. The measurement of bleed water is also susceptible to the
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1.2 Project Objectives

quality of workmanship, as bleed water is collected manually. Guidelines only provide an upper
limit of 0.1 m}/min for the bleeding test of tremie concrete, without clearly explaining how this
value (0.1 ml/min) relates to the actual performance {1].

Graphical log of concrete types below cut-off level
Pile cut-off i Lo
level s [' e .
]
_§_ E E’;
T 28 &
Ze |74
g3 143
El
33 =
[iGrout | Mortar ] Concrete bleed channcls
=

Figure 1.5: Segregation on the top of different piles [4]

Figure 1.6: Channelling effect (retaining wall Figure 1.7: Voids formation (aggregate size: 5-10
width: 2-3 m)[6] mm) [6]

Figure 1.8: Mattressing (re- Figure 1.9: Section plot of the vertical mattressing (section width: 0.5 m)
taining wall width: 1-2 m)[1]

1.2 Project Objectives

This project stemmed from the concern about excessive bleeding in deep foundations and the
impracticality of current site tests for tremie concrete. As a result, a better understanding of the
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1.2 Project Objectives

bleeding mechanism of tremie concrete can not only improve and validate current site tests, but
also reduce its detrimental effects from mixing to final placement.
Accordingly, the objectives of this project were to:

1. Summarise existing concepts and models of bleeding (of cement-based materials);
Propose a model of tremie concrete bleeding;
Derive theoretical solutions for the proposed model;
Develop an experiment to confirm the derived theoretical solutions;

Qualify the blecding effect with the new experiment;

A T i

Provide recommendations for improving the site test and reducing excessive bleeding from
the experimental results.

As shown in the following chapter, the proposed bleeding mechanism is one-dimensional self-
weight consolidation. Consequently, it was determined to compare the pore pressure variations of
freshly placed tremie concrete with the theoretical solutions of the proposed mechanism derived
from Terzaghi’s equation.

In the Michaelmas term, the Pore Pressure Cylinder (PPC) experiment for measuring the bottom
pore pressure was set up and preliminarily tested. In the Lent term, the theoretical results predicted
by the one-dimensional self-weight consolidation theory were calculated and compared with
repeated PPC tests of a reference mix design. Meanwhile, the mixing method was upgraded by
comparing the PPC site test data with the laboratory data. Attempts were also made to investigate
the effect of the specific surface area on bleeding. A Gantt chart for this project is shown in Figure
1.10. Details of the proposed theory, apparatus, experimental and theorical resuits, and further

recommendations are provided in following chapters.

Michaelmas lerm (wk) I Lant tarm {wk) !Easterterm {wk)
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Figure 1.10: Gantt chart for the project



2 Literature Review and Theory

This chapter summarises concepts, terminologies, models, experiments and methods relevant
to bleeding of cement-based materials. Due to recent developments in cement and concrete
technologies (especially for tremie concrete), limitations of previous studies and the opportunity of
further research are also discussed in this chapter.

2.1 Bleeding Concepts and Terminologies

In 1968, Powers argued that bleeding of cement-based materials (i.e. cement paste, concrete, etc.)
was a consequence of settlement under their self-weight [2]. According to this argument, the freshl
cement-based material is an unstable suspension of particles immediately after placement. Because
of the difference in density between water and particles, the particles start to move downwards.
This results in an upward migration of water, most of which accumulates on the surface of the
placement, while maintaining a constant total volume. This gradual accumulation of water is called
bleeding, and the extruded water is called bleed water [2, 3, 9-12]. Bleeding becomes negligible
either when an equilibrium has been reached among the gravitational, inter-particle and other
physicochemical forces, or when hydration, setting or other reactions in concrete start to dominate
[2,10].
Bleed water can accumulate at the top of a cement-based material either by uniform seepage (termed
normal bleeding), or through the formation of channels and craters (tlermed channelled bleeding)
{2, 10, 13]. For concrete, bleed water can also be trapped under or around coarsc aggregate and
reinforcement. In contrast to external bleeding which collects at the top of the material, this
phenomenon is known as internal bleeding. The European Federation of Foundation Contractors
(EFFC) and the Deep Foundation Institute (DFI) also define bleeding as the upward migration of
water in contrast to the sideways seepage due to filtration [1]. Different zones are formed as a result
of the particle and waler movements. In Powers’ experiments on cement pastes [13], four zones are
identified:

» A zone of clear water at the top;

* A zone with the original density;

« A zone of increasing density towards the bottom;

* A zone of maximum compaction with uniform density.
However, there was no maximum compaction zone found in Powers’ experiments on concrete [2],
so only three zones were identified in concrete.
The various zones formed inside cement-based materials are illustrated in Figures 2.1 to 2.3
[2, 12, 13]. Normal bleeding and internal bleeding can be respectively seen in Figures 1.2 and 1.7.
Figures 2.4 and 2.5 show the channels and craters observed in the PPC test and the experiment
from Massoussi et al. [14].
Bleeding rate and bleeding capacity are two critical parameters in the quantification of bleeding
[1-3]. Bleeding rate is the rate at which bleed water is expelled from cement-based materials, while
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2.1 Bleeding Concepts and Terminologies

bleeding capacity is the amount of bleed water that accumulates on top of cement-based materials
before concrete has set [3]. Other literature [2, 15] also defines bleeding rate as the rate of concrete
volume contraction, and bleeding capacity as the total reduction of concrete volume when internal
bleeding is assumed to be insignificant. There are two stages identified during bleeding; an initial
stage with a constant rate of bleeding, followed by a stage with a reducing bleeding rate, as shown

in Figure 2.7 [2, 3, 9-12].
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Figure 2.1: Zones in cement paste [2]
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2.2 Current Models of Bleeding
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2.2 Current Models of Bleeding

This section presents current theories that describe bleeding of cement-based materials. There
are two main models describing the bleeding processes, sedimentation and consolidation (2, 3, 9-
12, 14, 15, 17].

2.2.1 Sedimentation Model

The sedimentation model describes bleeding in terms of identical layers of particles falling through
water, and it is based on Poiseuille’s law of capillary flow [2, 9, 10, 17]. It is analogous to water
flowing through a solid body with a large number of identical, parallel and cylindrical capillaries
[2].

During the constant rate period, Powers suggests that Darcy’s law using the Kozeny-Carman
model for the coefficient of permeability (K) should control the bleeding process in cement-based
materials. Equations (2.1) and (2.2) give calculations for a constant bleeding rate in cement paste
[2]. The concrete bleeding rate can be correlated with the cement paste results via Equation (2.3)

[2].

Al
0= Kff v N 2.1)
RS .
_ Pwg (E = W;)3 o .
K= ke (1—¢)? r\ﬁﬁ.\ (2.2)
Qconcrere _ ( P ) 2Psavg—Pw 14m A 03
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2.2 Current Models of Bleeding

Here, Q is the low rate {m/s) and, hence, the bleeding rate; Ah is the change of the hydraulic head
(m) over a depth L (m); K is the coefficient of permeability {m/s); p,, is the density of water; g is
the gravitational constant (1m/s?) ; k. is the Carman constant; 7 is the viscosity (kg/ms); € is the
porosity; x is specific surface area (m?/m?); w; is the empirical constant representing the immobile
water; p/V is the dimensionless paste content of concrete; m represents a dimensionless mix based
on volume; P 4. is the average solid density in concrete; pf is the apparent density of cement in
water; Xq /X, is the specific surface area ratio of aggregate to cement.

Steinour developed bleeding capacity equations for cement paste, presented in Equations (2.4) and
(2.5) [13, 17]. Based on experimental results, Powers further provided an inequality (Equation
(2.6)) of bleeding capacities between cement paste and concrete [2].

B e = mclw/c — (/) 24
¢ = cp(1 = AHpag,)’ @2.5)

AH,
;r}_nvcrete < AHpasre (2.6)

Here, AH is the bleeding capacity representing the ratio of total bleed water to the net mixing
water; nig is the slope of the line relating y/AHp a5 and w/c from curve-fit of the experimental
data. c is the cement in the mix; cg is the volume of cement per unit of the base volume; w/c is the
water-cement ratio by volume.

Radocea’s experiment [9] for pore pressure measurement confirmed Powers’ theory about the
constant bleeding rate of a thin-layer (about 50 mm) cement paste. Equation (2.7) relating the pore
pressure dissipation rate to the bleeding rate was used by Radocea to confirm Powers’ theory. Here,
Pc is the cement paste density (kg fm3) and u,, is the excess pore pressure (kPa).

| =wy; Aligy | 3

QPasle = g(PL —Pu-)(l —E) Ar | E .

—

2.7

Figure 2.8 predicts the pore pressure variation of cement pastes from later research of Radocea
[16, 12}, but there is not a thorough explanation about how this plot was produced. The convex
green part of this plot represents the bleeding phase. This plot from Radocea is confirmed by a
recent study on bleeding of modern cement pastes from Peng et al. [12].

2.2.2 Consolidation Model

From experiments studying cement pastes of increasing depths, Tan et al. [10] suggest that the
self-weight consolidation model provides a better explanation of the bleeding phenomenon than
sedimentation. Tan et al. [10] employed the Terzaghi’s one-dimensional consolidation equation to
derive expressions for the surface settlement whose time derivative is the bleeding rate (Equations
(2.8) and (2.9)) [10]. The horizontal asymptote of the surface subsidence indicates the final bleeding
capacity.

The entire derivation uses the cement-water ratio by volume (e). eg the initial volume ratio; a is the
factored depth of the actual depth z (Equation (2.13)); s(t) is the surface subsidence (bleed height);



2.2 Current Models of Bleeding

Cr and 3 are derived coefficients and found by fitting the experimental results (Equations (2.11)
and (2.12)).

2 {1+ep?
S(r)-g( Loe ) {l—):( 13‘-’\’,0[ l,:CF( JLF:O )t]} (2.8)
d
Qpasle(f) =,
_ n 2 ] +eﬂz
vﬁcF): —1) exp ~AXCr ) (2.9)
A= 2":":: (2.10)
2 de
Cra = (2.11)
d
B = a—z (2.12)
da= 1+;e0 (2.13)

Yim et al. [15] developed a more comprehensive model for self-weight consolidation of concrete
based on the small-strain theory of linear poroelasticity. The pore pressure u(z,7) and the surface
subsidence s(7) are:

CT’ YeoncrereZCq ( Z )
u(z,1) = 2T o 2.14
( MeancrereK Vécyt J ( )
s{t) =
']’r.omrewL() [ ( Lo )] YeoncrereCal ( Ly ) }'czoncrcreL(:;Cd’ ( L(z) )
|1 —er + er —\|———eap|——
2Meoncrete 4 Vcgt Meoncrere / Vgt ™ c?nncrete P 4cgt
(2.15)
M,
Mconcrete = "TL"_E%E (2.16)
1 d
V=2 @.17)
Cd 8:

Here, Yeoncrete 18 the sample unit weight; £ is the Biot coefficient; ¢ is the diffusivity (defined in
Equation 2.17); M is the cedometric modulus; ¢ is the volume fraction of the coarse aggregate.
Mporiar is evaluated from the experimental measurement. The bleeding rate (Q(t)) can be found by
the time derivative of surface subsidence (s(r)).

2.2.3 Remarks on Two Models

Although there are different solutions and theories proposed for the bleeding phenomenon, the
mechanisms behind bleeding are still not clearly demonstrated and agreed by all researchers
[1-3,9-15, 17].

For studies based on cement paste, the sedimentation model deals with the bleeding rate and
capacity separately. Tan et al. [2, 13] also showed that an increase in the sample depth could



2.3 Experiments, Apparatus and Methods

change the underlying mechanism from sedimentation to consolidation. However, Radocea [9] still
confirmed a part of the Powers’ sedimentation model by the pore pressure measurement, and Tan
et al. {10] did not thoroughly check the bleeding capacity based on the consolidation mode! as their
experiments terminated around 30 minutes to minimise the hydration effect. Nevertheless, both
models do not clearly explain the diminishing stage.

For research on concrete bleeding, models are normally developed based on cement paste studies
[1,2, 12, 18). This may underestimate the effect of coarse aggregate as implied by internal bleeding
and channel formation |3, 11, 15). The sedimentation and consolidation models are employed
arbitrarily in research without any explanation for not using the other [1, 2, 11, 12, 15, 18]. It
may cause confusions in the construction industry to simply combine the results and suggestions
from different theories. Furthermore, these concerns may be magnified for modern concrete, such
as tremie concrete, which has a higher content of fine particles and contains various chemical
admixtures [12]. Although comprehensive theoretical solutions are provided in the study of Yim et
al. [15], their novel experiments seem to have taken considerable time and only a small part of their
theory was compared to experiments [15, 11]. This is discussed further in the following sections.

2.3 Experiments, Apparatus and Methods

This section outlines the experiments, apparatus and methods employed to study bleeding and other

relevant properties of cement-based materials.

2.3.1 Experiments and Apparatus

Most studices on bleeding directly measure bleeding volume or surface subsidence (bleed height)
[2,8, 11, 12, 18-22]. The standard test described by the American Society for Testing Materials
{ASTM) and the British Standard Institution (BSI) involves manually collecting and measuring the
bleeding water and this is the most common test method used in the construction industry (Figure
2.9) [8, 20]. Powers [2] used the float method to read the surface subsidence of a glass fibre on
the disk at the centre of the sample (Figure 2.10). Yim et al. [11, 15] applied non-contact laser
displacement sensors 1o measure the relative displacement between the concrete surface and free
water surface (Figure 2.11). Josserand et al. [19, 23] collected bleeding water by making tracks on
the top of the sample (Figure 2.12). Lastly, although the apparatus was applied for permeability

measurement, Picandet et al. [21] used an oedometer with a displacement transducer (Figure 2.13).
Pore pressure was also measured in most of the experiments [9, 11, 12, 18, 21, 22]. Peng et

al. [12, 18] developed the HYdroStatic Pressure Test (HYSPT) in which pressure sensors can
be attached at different depths (Figure 2.14). Radocea’s experiment [9] used a single pressure
transducer measuring pore pressure at a fixed depth (Figure 2.15). Yim et al. [11] equipped a
pressure sensor at the bottom of a pressure vessel (Figure 2.16). A pore pressure transducer was
also used at the bottom of the controlled oedometer from Picandet et al. {21, 22] (Figure 2.13).
Pressurised apparatus can also be employed to simulate bleeding. As mentioned above, Yim et al.
[11] used pressurised vessel (Figure 2.16). The BAUER test with the BAUER filter press (Figure
2.17) is another pressurised test that can be applied in situ [1, 24].
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Furthermore, Peng et al. utilised a Turbiscan to measure turbidity and, thus, the bleed water of
modern concrete with chemical admixtures [12]. The application of ' H low-field nuclear magnetic
resonance (NMR) provides another novel method of assessing bleeding [25]. It distinguishes the
water on the top of the cement paste in the transition layer and in the cement paste by examining
the transverse relaxation time (73) of 'H protons.

2.3.2 Methods

From the background research, bleeding can be reduced by up to seven different methods [3]:
1. Reducing water content or water-binder ratio;

Increasing the fineness of the cementitious materials;

Increasing the amount of fine sand;

Using supplementary cementing materials such as fly ash, slag, or silica fume;

Using blended hydraulic cements;

O

Using chemical admixtures (e.g. superplasticiser);

7. Using air-entrained concrele.
In this project, three methods (including water content, and amount of fine sand and superplasticiser)
were employed to produce extreme cases of bleeding and examined the validity of the PPC test.
After the preliminary tests and site tests, a discrepancy was found between the laboratory test
results and the site test results obtained with the same apparatus. It was found that dry aggrepate
was directly used to prepare laboratory tremie concrete comparing with the saturated aggregate
used in construction tremie concrete. Therefore, it suggested that the water absorption of dry
aggregate in laboratory tremie concrete might affect the test results [5, 11, 15, 26-28]. Further
literature review [5] indicated that saturated and surface-dry aggregate (Figure 2.18) should be used
to prepare tremie concrete in order to eliminate the effect of the water absorption on the actual
mixing water of tremie concrete. Therefore, an additional step of pre-saturation was added to the
experiment and the bleeding behaviours were proved to be similar between the site and laboratory
tremie concrete.
As Powers [2] has studied the effect of the specific surface area (= surface area/volume) on bleeding
of traditional cementitious materials with a great depth, this project further investigated how the
specific surface area affected bleeding of modern tremie concrete. From Powers’ studies [2], the
bleeding rate of a cementitious material is related to the average falling speed of particles. The
speed of a particle is controlled by the difference between the downward self-weight of the particle
and the upward viscous drag from water. The viscous drag is proportional to the surface area of
the particle and the self-weight is proportional to the volume of the particle, so the greater specific
surface area of a particle the slower its falling speed. Since fine sand has a much greater specific
surface area than coarse aggregate, increase the amount of fine sand will increase the specific
surface area of the mix design when all relevant parameters (including total mass, aggregate and
water-binder ratios, etc.) are kept constant. Therefore, the amount of fine sand was examined
further in the specific surface area tests of this project. In following chapters, it is also shown
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2.3 Experiments, Apparatus and Methods

that there is less effect on bleeding if only the amount of fine sand is changed regardless of other

relevant parameters.

S9N
e 4
Figure 2.9: Apparatus for site tests [20, 8] Figure 2.10: Float method [2]

a
' Displacement Measurement .
’ L
4 “ a Initia® Level
Y Fotint w7 I Arcrored f:_l"m [""’
b External Bleeding Y | f
/] s
: Concrete 'f,'
7] [

PP I TP PP PPl P il rrrrrr,

Marnic tile  e—— ]
|

1k iz
E plass siphon fled s
Constant level wih ar-tiee weler % g
ik e ol
of water
Furce transducer | i é 4
Displacerent \# 2
tramsducer £ E
®
Poruus stune + E 5
filier poper Somple ]
Ukndometer nng T
Valve A E
“.mmm\um —E ! = controlier to7 Sk ONro! plasnc cynder £
e d and data ledion

Figure 2.13: Modified Oedometer [21, 22] Figure 2.14: HYdroStatic Pressure Test (HYSPT) [12]



2.4 Opportunity for Further Study

Displacement
Alr pressure semsor
e

|
PE || BN Yyl
- vl

- LI
7 k

ALRL AR AN

f\ ANRRR RN

Figure 2.16: Pressure vessel [11]

Hone-dry e =

or

aven-dry &
-3

Abaanbed mmstane

Alr-dry (abmaorplion)

7
.f//’/j’f//j///f{,
7
i

Touad woasgi
cismgenik

iy W y -’1!
7 ﬁ/ %{/ v
.

R
Lo

surlsce-dry 7 7
IS8 P}
',ti’%///
Free munsture
{muonnlure cantent)

f i
Qg

i
)

My
i
7

LA s

Figure 2.17: BAUER concrete filter press [24] Figure 2.18: Moisture in aggregate [5]

2.4 Opportunity for Further Study

Although there are many studies on the bleeding phenomenon of cement-based materials, some
of them start to become outdated due to developments in the cement and concrete technologies.
Moreover, there is a clear gap between previous studies and their applications in the construction
industry.

In the case of modern concrete such as SCC, the concepts and definitions used to characterise the
bleeding process of traditional cementitious materials start to become inaccurate. The observation
of bleed water accumnulation may not allow the bleeding process to be correctly followed. The top
bleed water layer can be less sharp in modern concrete than in traditional concrete due to the high
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content of fine particles and the application of chemical admixtures (superplasticiser) [12]. Rather
than clear bleed water, mortar and grout are expelled during the bleeding of modern concrete, as
indicated in the grout volcano (Figures 1.3) [4, 12]. It is also hard to distinguish grout and mortar
from modern concrele by visual observation. Even defining bleeding in terms of volume contraction
can be uncertain, as voids created due to internal bleeding can reduce volume contraction. The
histogram in Figure 2.6 from the study by Yim et al. [15] shows that internal bleeding can be
comparable to external bleeding in concrete.

While sedimentation and consolidation models of bleeding have been developed for a long time
and various expressions are provided in different studies, there are still inadequate studies confirm-
ing those models independently and investigating their suitability under different circumstances.
Although the study of modern cement pastes from Peng et al. [12] recently validated Radocea’s
prediction of the pore pressure variation (Figure 2.8), it is ambiguous as only a single experimental
result from that study shows a convex shape and is used to confirm the Radocea’s prediction.
The other more than 10 pore pressure measurements in the same study from Peng et al. [12] are
cither close to a straight line or a concave shape, so the confirmation from Peng et al. [12] is not
convincing. Moreover, in most solutions, a great number of parameters are required to be measured
by different methods before the actual calculations of the bleeding rate and bleeding capacity. This
will considerably affect the applicability of those solutions in the construction industry.

For the existing experiments, cement-based materials in many studies are not similar to modern
concrete used in construction. Internal bleeding and less sharp bleed water layer in modern concrete
cause concems about the accuracy and practicality of experiments (and even site tests) that directly
measure the volume of bleed water or surface subsidence [4, 11, 12, 15]. Furthermore, Yim et al.
[11] highlight issues with applying pressurised apparatus to bleeding analysis (Figures 2.16 and
2.17). For example, pressurised air can partially infiltrate or fill voids, leading to a decrease of
pressure towards the bottom of the sample. It is also doubtful whether the pressurised apparatus
is purely investigating the bleeding alone, since bleeding is upward migration of water but the
pressurised apparatus collects water at the bottom [3]. Finally, many novel experiments are only
developed for the use in the laboratory and there are hardly any attempts to apply new methods on
site.

Therefore, the above-mentioned issues provided a unique opportunity for this project to investigate
the bleeding of a specific modern concrete (tremie concrete) under real-world circumstance (con-
struction of deep foundations). Apart from validating one of the bleeding models, this project also
focused on creating a link between the bleeding studies and the construction industry (especially
for decp foundations). This was achieved by proposing a simplified bleeding model that can be
more easily applied in the industry. Then, a corresponding experiment was developed to solely
analyse the bleeding effect and to be used on site for this specific type of modern concrelte (tremie
concrete). The proposed model and developed experiment are presented in following chapters.
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3 Proposed One-dimentsional Self-Weight
Consolidation Model

In this project, tremie concrete was expected to consolidate one-dimensionally under its self-weight
because of the size of the deep foundation, then undergo considerable consolidation because of its
high workability (1, 4].

Since the situation of a deep foundation is similar to the studies of Yim et al. [11, 15], a con-
solidation model should provide a better prediction than the sedimentation model. Moreover,
the consolidation of tremie concrete is likely to be one-dimensional in deep foundations, as the
presence of a filter cake forming from the supporting fluids limits sideways seepage from the
foundation to the surrounding soil [1, 5]. The analysis then should be similar to that reported by
Tan et al. [10], but the solution focused on the excess pore pressure dissipation.

The proposed mechanism was validated via the pore pressure measurement which is the driver
of the consolidation mechanism. A pore pressure measurement can avoid problems caused by
internal bleeding or turbid water layers; factors that can lead to inaccuracy in surface subsidence
measurements. Moreover, the pore pressure measurement can also confirm the consolidation
model in general. The pore pressure was consequently expected to support the self-weight of
tremie concrete immediately after the mixing, and decrease back to the static condition after the
completion of the consolidation process [29, 30].

Furthermore, there is a clear correlation between the pore pressure measurement and the bleeding
measurement. Equations (2.7) (given in the previous chapter) and (3.1) (provided below) from
previous studies [9, 12, 18] show that the surface subsidence (s) is directly proportional to the
pore pressure (i), and the bleeding rate (Q = ds/dt) is directly proportional to the pore pressure
dissipation rate (du/dt). Since the pore pressure measurement (given in the following chapters) can
be more accurate and less susceptible to human error than the manual bleeding volume measurement
on site, the pore pressure measurement can be a better way of analysing bleeding on site in the
future.

u(L,t) = pygs(t} + [ps®o + pu (1 — Po)lg(L ~ 5(2)) (3.1

Here, p, and p; are the water and solid densities. @y is the initial solid fraction at depth L.

In following sections, Terzaghi’s one-dimensional consolidation theory is first introduced. Then,
the solutions to the one-dimensional self-weight consolidation model are provided. The apparatus
designed for the pore pressure measurement and the validity of the proposed model are explained
and discussed in following chapters.

3.1 Terzaghi’s One-Dimensional Consolidation Theory
The assumptions for Terzaghi’s one-dimensional consolidation theory are [10, 29]:

* Tremie concrete is homogeneous;

* Particles and water are incompressible (all volumes remain unchanged);
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3.1 Terzaghi’s One-Dimensional Consolidation Theory

« Small-strain assumption: coefficient of permeability (K) and small element stiffness (E() are
constant.
Terzaghi’s equation for a small unit area (A = | m*) element (Figure 3.1) can be derived by [29, 30):

(Vconcrete‘\/w) I_O Uex (kPa)

0
Initial: / \
Uex=(Vconcrele‘Vw)Z Z
Final: ‘ Tqm"
UEx=0\' BZI ‘ -Ou..
) o S
Lo= ANRNY
i
Z (m)Y mpermeable T —

Figure 3.1: Excess pore pressure variation for consolidation under self-weight
Volume reduction = water out flow
(SSA = (qum‘ - q[n)st (3.2)
&8s = 6qbt 3.3)
Here, g is the flow rate (m>/s). Settlement (8s (m)) is calculated from the change in stress (o]

(kPa)):
do]

Equilibrium: 80, = —8u,y (3.5)
ou,
85 =——28z (3.6)
E,
From Darcy’s law with hydraulic gradient (/):
Darcy's law: 8q = —KiA (3.7
K éu
8g=—-———2= 3.8
q Y B2 (3.8)

Substituting Equations (3.6) and (3.8) into Equation (3.3) with the coefficient of consolidation (C,
(m*/5)):

é Ké
- gg‘az= o ;;"81 (3.9)
d d?
Terzaghi's equation : ;:x =C, a::;x (3.10)
KE]
C,=—2 (3.11)

1
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3.2 Solutions for Self-Weight Consolidation

3.2 Solutions for Self-Weight Consolidation

The general solution of Terzaghi’s equation (Equation (3.10)} expressed in terms of a separable
function of two variables time (¢ (5)) and depth (z (m)) is [30]:

tex(z,1) = |Asin(Az) + Beos(Az)|exp(—C2t) + Cz + D (3.12)

Here, A, B, C, D and A are constants. Figure 3.1 schematically shows the process, initial and
boundary conditions of consolidation under self-weight with a depth of Ly [30]:

Uee(z=0,0)=0 3.13)
Ser|  _g (3.14)
dz =1
”cx(zr" = 0) = (’Yconcrcrc - Tu')z (0 <z< LO) (3.13)
Symmetry requirement : ttex(z,t =0) = (Yeonerete — Yoo) (2Lo ~ 2) (Lo < 7 £ 2Ly) (3.16)

The solution for the excess pore pressure dissipation (i, (kPa)) of the self-weight consolidation is:

_ B(Yeoncrere —=Ww)lo = [V . /N . (nmz n’m’T
tee(z,1) = = Z ,,_2‘""(7)‘“" T exp|{ ——, 3.17)

n-l = =

The surface subsidence (s (1n)) and bleeding rate (Q (1n/s)) are given by:

1 flo :
s(t) = E[D ((Yeoncrete = Yi)z = ttex(2,1)]dz
0

= ('}’wmrzf’Eg 7"')1‘% {] — i {%sin (?) [l — oS (%)] exp (_,,2;;21') }}

I 1o Qugy(z,t)
=gk T

- 4(%0"6;';1" LS )i { (%) sin (") [1 = cos () ] exp (—”2’;2T) } (3.19)

n=1

Figure 3.2 shows an example (C, = 100 x 1079 n*/5) of variations in the excess pore pressure,
surface subsidence and bleeding rate (Equations (3.17) to (3.19)) within a unity range and for 6000
seconds (100 minutes); both C, and time period were similar to experimental conditions in this
project, as shown in following chapters. The constant bleeding rate and diminishing rate stages in
the bleeding rate plot agree with previous studies [2, 3, 9-12].

Equations (3.18) and (3.19) can provide reliable predictions of bleeding rate and bleeding capacity
for the site test with different types of tremie concrete, if the pore pressure variation from Equation
(3.17) agrees with experimental data. It is also noteworthy that only a single parameter (C,) is
involved in the excess pore pressure (i1,,) calculation, and no more than two parameters in the other
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3.3 Comparison with Solutions from Existing Consolidation Models

two expressions (C, and E(', in surface subsidence; C, and K in bleeding rate). Therefore, these
expressions can be more practically applied on site and can help to improve the current industry
standard which only has a single average bleeding rate of 0.1 ml/min over a two-hour period [1].

1 Normalised example plots within a unity range
~——FExcess pore pressure (ue‘)

0.9 =~ Surface subsidence (s)
——Bleeding rate (Q)

0.8

0.7

0.6

0.5

0.4

Normalised values

0.3
0.2
0.1

0
0 1000 2000 3000 4000 5000 6000
Time (s)

Figure 3.2: Example of the proposed consolidation model

3.3 Comparison with Solutions from Existing Consolidation
Models

Comparing with the consolidation models (Equations (2.8) and (2.15)) from Tan et al. [10] and Yim
et al. [135] as given in Chapter 2, there is no fundamental difference between the newly developed
model in this project and those two existing models as all solutions are based on the consolidation
theory. The governing equations of those two consolidation models (Equations (2.11) and (2.17))
are also similar to Terzaghi’s equation (which has second derivative in depth and first derivative in
time) used in this project.

Nonetheless, solutions of the governing equation in the study from Yim et al. [15] were derived
based on the diffusion equation, so error functions are involved in Equations (2.14) and (2.15)
of the pore pressure variation and surface subsidence, respectively. There is a little difference
between solutions from this project and in the study of Tan et al. [10] (which were derived from
the eigenfunction expansion method). However, as mentioned before, this project focused on the
comparison between the experimental and theoretical pore pressure variations, and Tan et al. [10]

did not derive the solution for the pore pressure variation.



4 Method and Apparatus Development

4.1 Pore Pressure Cylinder (PPC) Apparatus

The layout of the apparatus for the PPC test is shown in Figures 4.1 and 4.2. A 2-litre cylinder with
a base diameter of 80 mm was fitted with a tube connection at the bottom (Figure 4.3). A special
funnel was added to the top of the cylinder to reduce spillage during the placement and, hence,
reduce placing time (Figure 4.4). A filter paper was also placed at the bottom of the cylinder to
prevent contamination of the pressure transducer with tremie concrete. A wooden support provided
additional stability to the cylinder and prevented it from toppling during the placement of tremie
concrete. The cylinder was transparent and fitted with a scale in millimetres, so the bleeding
process was observed and the surface subsidence was directly measured during each experiment
(Figure 1.2).

The 2-litre cylinder was connected to the pressure transducer via a standard transparent 6 mm
tube which was filled with water prior to the placement of tremie concrete. The transparent tube
also helped to observe any contamination from tremie concrete. If there was any likelihood of
contamination, the valve fitted to the pressure transducer could be closed to reduce potential damage
to the pressure transducer. The pore pressure transducer (RS pro 828-5726) measured from 0 kPa
to 25 kPa over a voltage range from 0.501 V to0 4.500 V, so the calibration factor was 6.25 kPa/V.
It was a very sensitive device with high resolution (up to 0.001 mV). A piece of foam was also
used to reduce the background noise from the surroundings, and to take up the height difference
to the bottom of the cylinder. The data acquisition system (DAQ) converted the analogue input
into digital data, before inputting the data into a Raspberry Pi system. In contrast with a desktop
computer, the Raspberry Pi device was more portable and, thus, suitable for the site test.

4.2 Concrete Mix Design

A reference mix design from previous studies [31, 32] was used in the experiment A1, as shown
in Table 4.1. In the Al reference mix design, the water-binder ratio was 0.55, the aggregate-
binder ratio was 3.6 and the superplasticiser-binder ratio was 0.2%. Apart from the reference mix
design in experiment A1, only changes (in mass) from the reference mix design are shown in the
corresponding columns in Table 4.1. The aggregate grading curves for different quantities of fine
sand amount are shown in Figure 4.5. In the following chapter, it is shown that this mix design
with a maximum 10 mm aggregate can produce a similar behaviour, in terms of bleeding, to the
actual tremie concrete used in construction.

In the preliminary tests, the water-binder ratio, the amount of fine sand by weight, and the amount
of superplasticiser by weight were used to change the bleeding severity in order to examine the
validity of the PPC test. Only the amount of one constituent of tremie concrete was changed in each
experiment and extreme values were chosen to increase the variability. The water-binder ratios were
chosen to be 0.35 and 0.9 for experiments BO and B1 from the previous study (33). The amount of
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4.2 Concrete Mix Design

fine sand by weight in the aggregate was increased and decreased by 10% for experiments CO and
C1 (28]. The superplasticiser-binder ratio by weight was doubled for experiment AQ.

Apparatus Layout
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Figure 4.1: Schematic of the PPC apparatus

Figure 4.2: Layout of the PPC apparatus
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Figure 4.5: Grading curves for different mix design

In the later experiments designed 1o investigate the effect of changing the specific surface area,
it was found that bleeding might not be changed as expected when only the amount of a single
constituent was varied [12]. As a result, the C0O and C) mix designs were adapted to D0 and D!
mix designs by changing the amount of fine sand while maintaining the aggregate-binder ratio
and the total mass of the mixture. This is explained in following chapters. A2 was a cement
paste, only containing binder materials and superplasticiser. A3 was the same cement paste as
A2 with the addition of sand. For both experiments, the total mass and the water-cement and
superplasticiser-cement ratios were kept the same.
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4.3 Experimental Procedure

4.3 Experimental Procedure

During the preparation period, the 2-litre cylinder was first cleaned and dried. A thin layer of water
less than 5 mm was added to the bottom of the cylinder with a trimmed circular filter paper. The
pressure transducer and connecting tube were filled with water before connecting to the cylinder.
The pressure transducer was filled by a pipette. Air bubbles were expelled by gently tapping the
connecting tube.

Before the beginning of each experiment, the initial voltage for zero pore pressure was first recorded
without any tremie concrete in the cylinder as there was still a height difference between the bottom
of the cylinder and the pore pressure transducer. This initial reading was then subtracted from the
experimental data to compensate for the cffect of the height difference. The initial mass of water
was also measured for each experiment to improve accuracy.

The preparation of tremie concrete involved three steps after weighing out the constituents. The
aggregate was first manually mixed for two minutes to produce a uniform mixture of sand and
gravel, as well as the addition of 50% of the net mixing water. This mixture was then sealed
for 30 minutes to pre-saturate the aggregate. Finally, the binder was added to the mixture and
mixed with a handheld stirring mixer for two minutes. The superplasticiser was mixed with the
other half of the mixing water and the water-superplasticiser mixture was added to the mixture
in three equal measures in the first minute of mixing. There was a negligible time delay from
completion of mixing to placement of fresh tremie concrete. The pre-saturation step was omitted in
the preliminary tests.

During the test, apart from the bottom pore pressure, the surface subsidence was also manually
measured by reading off the scale. The 10- and 30-minute reading intervals from the ASTM and
British Standards were changed to 2 minutes in the first 10 minutes, 5 minutes in the following
30 minutes and 30 minutes until 130 minutes, in order 1o show a clear transition between the two
*bleeding stages [8, 20].

After the pore pressure had been recorded for two hours, the raw data were analysed, and the
experimental samples were left to cure overnight. Samples were extracted for inspection using

compressed air. MATLAB codes were developed for theoretical and experimental analysis.



5 Results and Discussion

5.1 Preliminary Tests

All preliminary tests were performed during the Michaelmas term and the pre-saturation stage was
omitted. In other words, all the aggregate was oven-dry or air-dry (Figure 2.18). Nonetheless, the
aim of the preliminary tests was primarily to validate the practicality of the PPC test, such as health
and safety aspects, calibration of the apparatus, repeatability of experimental procedures, reliability
of results for different mixes of tremie concrete and possible future on-site application.

The surface subsidence (bleed height) and bottom pore pressure recorded in preliminary tests are
shown in Figures 5.1 and 5.2. The bottom pore pressure data were normalised to vary over a unit
range in order to remove the inconsistent placement time and multiple peaks from the placement
(Figure 5.3). The surface subsidence data were normalised in the same way to compare variations
between the bleed height and pore pressure (Figure 5.4). All cured samples are shown in Figures
5.5 10 5.14. The scale next to each sample corresponds to 300 mm.

Surface subsidenca {bleed height)

12 o e A B . A -
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—&—Experimen! B1
~&=Experiment CO
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Bleed heiglit {waul
@

Time (min)

Figure 5.1: Surface subsidence (bleed height) recorded of preliminary tests

From the results (Figures 5.1 to 5.3), the PPC test was determined to be acceptable for the exami-
nation of the proposed model. The pore pressure variations were significant and distinguishable
in each experiment. The two-hour time scale was also a suitable period for experiments. It also
demonstrated the potential to reduce the experimental period to below 20 minutes for the future site
application, if only the initial bleeding rate is of interest. In contrast with the surface subsidence
plot (Figures 5.1 and 5.4), results from the PPC test (Figures 5.2 and 5.3) are smoother and less
susceptible to human error. The order of increase in bleeding rate in Figure 5.4 also approximately
aligns with that in Figure 5.3, but the difference is much clearer in the data of the PPC test (Figure
5.3). It was difficult to confidently classify the constant and diminishing rate regions from the

24



5.1 Preliminary Tests

manual readings of surface subsidence (Figures 5.1 and 5.4), even though the time periods for
readings were refined from the site standards as mentioned in Chapter 4.

Original pore pressure
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Figure 5.2: Original bottom pore pressure variations recorded of preliminary tests
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Figure 5.3: Normalised bottom pore pressure variations recorded in preliminary tests

The severity of bleeding in different mixes of tremie concrete was identified by combining observa-
tions of cured samples and experimental data. The AOQ sample with twice as much superplasticiser
as the reference Al sample had a similar appearance to the reference Al sample (Figures 5.5 to
5.8), but there was an increase in total bleed water and a decrease in pore pressure dissipation rate
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{(Figures 5.1 to 5.3). In the high water-binder ratio experiment B0 and low fines experiment CO,
many thick channels with craters were seen (Figures 5.10 and 5.12). There was also a significant
amount of sand near the top of the BO specimen, which was probably transported along bleed
channels. Experiments B and C1 showed little bleeding (Figure 5.1), but insufficient compaction
(Figures 5.13 and 5.14). In Figure 5.3, the experiment B1 actually exhibited a situation of negative
absorption and it occurred with a decreasing gradient immediately after placement. This might be
caused by the absorption, hydration, setting or other reactions taken place in the Bl mix. Neverthe-
less, in contrast to BO and B1 experiments, results of CO and C1 experiments were close to that of
the reference Al experiment, and this is discussed further in Section 5.4
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5.2 Site Tests and Pre-Saturation

Experiment B1 Experiment C1}
Sample height: Sample height:
405 mm = 404 mm _
Sample diameter: Sample diameter:
80 mm 80 mm
No pre-saturation No pre-saturation
Figure 5.13: Experiment B1 Figure 5.14: Experiment Cl1

5.2 Site Tests and Pre-Saturation

The PPC test was also performed on-site with real construction tremie concrete, in order to
investigate the feasibility of applying the PPC test on-site and to compare the behaviour of the Al
reference mix design with real tremie concrete. The results are shown in Figures 5.15 and 5.16.

10 Original pore pressure of A1 and site tests

Sile test 1

Site test 2

Sile test 3
—Experiment A1 withou! pre-saturation
—Experiment AIREPD4 with pre-saturalion,

Measured pore pressure (kPa)

0 1000 2000 3000 4000 5000 6000 7000
Time ()

Figure 5.15: Original bottom pore pressure variations of site tests and Al

Although the background noise from the surroundings was more noticeable, recognisable curves
(in a shape close to expectation) were still produced from the three on-site tests. The three tests
(with similar mix designs) were relatively close but indicated a difference with the preliminary Al
reference test performed in the laboratory.
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5.2 Site Tests and Pre-Saturation

1 Normalised pore pressure of A1 and site tests within a unity range
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Figure 5.16: Normalised bottom pore pressure variations of site tests and Al

From literature review and suggestions from the site, it was believed that there was a missing
pre-saturation step between the laboratory and industrial procedure [5, 11, 15, 26-28]. Without
pre-saturation, water would penetrate the pores inside and on the surface of the oven-dry or air-dry
aggregate which was used in the laboratory mixture. Water absorption decreased the net mixing
water for the Al reference mix and affected bleeding [5, 15, 11]. The pre-saturation stage was
included in all experiments after site tests, so the laboratory tremie concrete closely matched the
real-world applications (in terms of bleeding).

The Al reference mix was then repeated five times (A1REPCI to AIREPO5) with a pre-saturation
stage and to produce a range of results showing the variation in the A1 reference mix, in a bid to
improve accuracy and eliminate any anomalies. Figures 5.17 to 5.20 show the six results obtained
from the A reference mix design with and without a pre-saturation stage. The manual readings
were like those obtained in the preliminary tests, and it was not easy to identify the bleeding stages
identified in previous studies [2, 3, 9-12]. On the contrary, three regions (constant rate, diminishing
rate and plateau) were recognised in the excess pore pressure dissipation plots (Figure 5.20). Since
the bleeding rate is proportional to the pore pressure dissipation rate (Equations (2.7), (3.1) and
(3.19)), this led to the confirmation of the mentioned two stages of concrete bleeding in Chapter 2.
Despite the spread in results from AIREPOI to A1REPOS5, there was a clear difference between pre-
saturated and non-pre-saturated tremie concrete. This observation was not found in the normalised
surface subsidence data (Figures 5.17 and 5.18). This was probably caused by the large inaccuracy
from human error in the maximum 6 mm readings (at least 0.5/6 x 100% = 8%).

Nonetheless, the surface subsidence plots were generally closer to each other than plots in Figure
5.4. Samples of AIREPOI to AIREPOS did not show significant difference (Figures 5.21 to
5.25). Moreover, bleed channels were formed all the way from the bottom to the top of these five
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5.2 Site Tests and Pre-Saturation

repeated samples but not in the Al sample without pre-saturation (Figure 5.27), so the initially fast
dissipation rate might be related to the formation of bleed channels. Furthermore, this may imply
that an initially fast bleeding rate is less desirable. Consequently, a less saturated mix may help to
reduce the bleeding effect, but it should be noted that water absorption influences the workability

and strength of concrete [5].
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Figure 5.18: Normalised surface subsidence (bleed height) of Al tests

Since the AIREP04 sample (the fourth repetition of the Al reference mix) lay in the middle of the
five repetitions of the A1 reference mix with pre-saturation (Figure 5.20), AIREP04 was chosen to
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5.2 Site Tests and Pre-Saturation

be compared with the site test data. It can be seen that the pre-saturated Al reference mix faithfully

reproduced the bleeding behaviour of the tremie concrete used on site (Figure 5.16).
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Figure 5.19: Original bottom pore pressure variation of Al tests
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Figure 5.20: Normalised bottom pore pressure variation of Al tests
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Figure 5.25: Experiment A1REPO5
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5.3 Validity of the Proposed Model

Extent of bleed channels shown by double arrow lines
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A1l A1
Figure 5.27: Comparison of channelling effect of Alexperiments (A1: no pre-saturation; AIREPOI
to AIREPOS: with pre-saturation)

5.3 Validity of the Proposed Model

The proposed one-dimensional self-weight consolidation model represented by Equation (3.17)
was examined using the repeated Al experimental results by fitting curves of theoretical solution
for the experimental data. Based on the work of Picandet et al. [21], the C, values were chosen 10
be of the order of 10~ m? /5. Plots of the experimental data and theoretical results are shown in
Figures 5.28 to 5.30.
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Figure 5.28: Theoretical solutions compared with A1 tests over two hours
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Figure 5.30: Theoretical solutions compared with normalised pre-saturated Al tests over the first

15 minutes

For the entire two-hour period (Figure 5.28), the one-dimensional self-weight consolidation so-

lutions do not consistently follow all Al experiments. Excluding the initial Al test (without

pre-saturation), a value of C,, = 55 x 10-% m? /s probably characterised the Al reference mix and,

hence, the tremie concrete used in site tests. Nevertheless, this value was best regarded as a lower
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5.3 Validity of the Proposed Model

limit of the theoretical solutions for the Al experiment. The upper limit of the fitted theoretical
curve was C, = 250 x 1078 m? /s for the first 3 minutes (180 seconds). All pre-saturated A1 data
shift towards the curve of C, = 55 x 1079 m? /s after about 15 minutes (900 seconds). This was
a desirable effect as a reduction in the pore pressure dissipation rate indicated a decrease in the
bleeding rate (Equations (2.7), (3.1) and (3.19)) and less severe bleeding effect [2].

Furthermore, some experimental results from Tan et al. [10] also show inconsistencies with the
theoretical results, but they were deliberately neglected as the experiment time was limited to 30
minutes. Two of their results are shown in Figure 5.31 for comparison. However, as stated by
Tan et al. [10], the consolidation mechanism is probably not the dominant process after a certain
time, since the bleed water begins to be absorbed by the hydration and sctting of concrete. As a
result, the Al experimental results were also compared with the theoretical solution only for the
first 15 minutes so that there was less disturbance to the consolidation process. 15 minutes is also a
reasonably short period for the site test.

Figures 5.29 and 5.30 show that the spread of A1 repetitions is still as significant as it is during
the entire two-hour period. Nevertheless, experimental results of Al and AIREFP03 are close
to the theoretical expectations. C, = 120 x 1076 m? /s may be a better representation of all five
repetitions for the first 15 minutes (Figure 5.30).

The discrepancy between the theoretical and the experimental results may not just indicate that the
proposed model is incorrect. As shown in Figure 5.36 in the Section 5.4, there can be a theoretical
solution closer to each experimental data over the first 15 minutes when every single experimental
result was examined separately. Therefore, there might be problems with the prepared tremie
concreie (AIREPO] to AIREPOS). Inconsistent tremie concrete then resulted in non-uniform
repeated data. As discussed further in the last section, although different methods were applied
to increase the accuracy of the PPC apparatus, the preparation stage of tremie concrete could
introduce a significant inaccuracy into the experimental results. In addition to the revision of
the one-dimensional self-weight consolidation model, there should be an improvement on the
preparation procedures of the laboratory tremie concrete, along with other tests to confirm the
consistency of the produced tremie concrete.

H = 51-10 mm

I G
0 20 4 8 80 100 120 Ol 020

Figure 5.31: Two plots (with surface subsidence in mm against time in minute and sample height H
in mm) from the study of Tan et al. (dots: experimental data; lines: theoretical solutions) [10]

Furthermore, it was found that more attention should be paid to the initial bleeding rate compared
with the final bleeding capacity. Since the water-binder ratio was designed to fully hydrate and
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cure the concrete structure in order to achieve the designed properties, the total bleed water should
be eventually consumed by various reactions in the surrounding tremie concrete [1, 3, 5, 28]. If
the initial bleeding rate can be kept low, the bleeding effect should become negligible as the bleed
water is absorbed by following concrete reactions. The stronger channelling effect in samples
AIREPO1 to AIREPOS (Figure 5.27) of higher initial bleeding rates may also show that a good
control of the initial bleeding rate may reduce the overall bleeding. It can also be concluded that it
may not be a good decision to control bleeding by simply changing the water content, as many key
properties (including strength) of the structure are designed by the water-binder ratio [1, 5, 28].
The deviation of the experimental data from the theorical prediction happens around 20 minutes for
traditional cement paste used by Tan et al. [10] (Figure 5.31), and it happened similarly around 15
minutes for modern tremie concrete in this project(Figure 5.28). If the assumption (limiting the
time for the examination of bleeding mechanism) from Tan et al. (10] is correct, it may also be
concluded that the application of the superplasticiser did not slow down all concrete reactions, but
only increased the workability. This may agree with the experimental data of the B1 mix design in
the preliminary tests as the negative absorption took place immediately after the preparation stage.
Nevertheless, one improvement from the PPC test and the one-dimensional self-weight consolida-
tion model was that a range of bleeding rates could be inferred for a certain type of tremie concrete
from Equations (3.19). Although the proposed theory did not fully align with the experimental
pore pressure dissipation curves, it is still better to have a range of bleeding rate for a certain type
of tremie concrete rather than a single average bleeding rate for all types of tremie concrete. The
coefficient of permeability (K) can be found by the apparatus descried by Picandet et al. [2]1] or
from the BAUER test [24]. With a suitable choice of £}, and the found range for C., the bleeding
rate as a function of time can be deduced and provided o the construction industry. A better way
involves replacing the conventional bieeding site test with the more robust PPC test and directly
limiting the C, values.

5.4 Specific Surface Area Tests

Further experiments were carried out to investigate the effect of specific surface area on bleeding
by changing the amount of fine sand, as the previous section shows that changing the water content
may not be the most effective strategy to control bleeding. Since fine sand has a greater specific
surface area than coarse aggregate, a (proper) increase in the amount of fine sand should increase
the specific surface area of tremie concrete. The amount of fine sand in the DO mix design was
10% (in the fine sand-aggregate ratio by weight) less than the A1 reference mix design (Table 4.1),
so the specific surface area of the DO mix design was less than that of the Al reference mix design.
On the contrary, the D1 mix design was 10% greater in the amount of fine sand, therefore, it had a
greater specific surface area than the A1 reference mix design.

Meanwhile, experiments A2 (a pure cement paste) and A3 (a cement paste with sand) were also
performed to compare with the results reported in a recent study of modern cement pastes from
Peng et al. [12], as mentioned in Chapter 2. Both mixes (A2 and A3) were designed with the
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same total mass, and water- and superplasticiser-binder ratios as the Al reference mix design; the
sand-binder ratio was also the same for the A3 mix design (Table 4.1). Since A2 and A3 mixes are
similar to the Al reference mix design, experimental results of A2 and A3 were also compared in
the specific surface area tests. As the A2 mix only containd binder (the finest constituent in the Al
reference mix design) and the A3 mix design had no gravels, the A2 mix design had the greatest
specific surface area following by the A3 mix design among the total five (A, A2, A3, DO, D1)
mix designs in the specific surface area tests. Figures 5.32 to 5.34 show the experimental results,
and theoretical solutions of the proposed model are plotted in Figures 5.35 and 5.36.

Figure 5.32 indicates how the decrease in the specific surface area increased the pore pressure
dissipation rate and, thus, bleeding rate. This agreed with the suggestions from previous studies
[2, 3]. The D1 results, however, need to be reproduced, as the 10% increase in the amount of fine
sand was probably still within the range of variation for the Al reference mix design.
Experimental results of A2 and A3 were almost straight lines (Figure 5.32), so they are similar to
the results reported by Peng et al. [12] but not to the plot from Radocea (Figure 2.8) | 16]. Peng et
al. [12] suggest that the constant bleeding rate may be caused by the addition of plasticiser, and
superplasticiser was, in fact, used in this project. However, including A2 and A3 plots, none of
the experimental results from this project showed an initial convex shape as shown in Figure 2.8.
This difference questions how Peng et al. [12] proved the validity of the plot from Radocea [16], as
there is also only a single plot in their research showing the similar shape to the plot in Figure 2.8.
Nevertheless, the deviation of the experimental results from the Radocea’s plot may indicate the
difference between the modern cement-based materials and traditional cement-based materials.
For the first 15 minutes, the theoretical prediction were closer to the experimental results from
specific surface area tests (Figure 5.36) than the data from the repeated Al tests (Figure 5.30).
Similar to the normalised surface subsidence plots in previous sections (Figures 5.4 and 5.18), the
order of change in bleeding rates of the normalised surface subsidence plot in the specific surface
area tests (Figure 5.34) was approximately in line with the order of pore pressure dissipation rates
of the normalised excess pore pressure plot (Figure 5.32), but the normalised excess pore pressure
plot represented a clearer difference among different experiments. The comparison among the three
plots from Figures 5.32 to 5.34 indicated that the normalised method chosen in the data analysis did
not provide any information about the bleeding capacity. Nonetheless, as discussed in the previous
section, more attention should be paid to the initial bleeding rate and the bleed water should be
re-absorbed at last.

Since the PPC test reflected the severity of bleeding to a certain degree over the first 15 minutes,
the 15-minute PPC test may be performed in the factory before the tremie concrete is transported
to site. This can help reduce the costs from transporting and dumping unacceptable tremie concrete
(in bleeding). Remixing with fines may help to control the bleeding of tremie concrete, but there
must be further research on how the remixing affects other tremie concrete properties [3].
Furthermore, the first issue identified during the specific surface area tests was that the specific
surface areas of mix designs CO and C1 did not change as much as expected by simply changing
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the amount of fine sand (Figure 5.37). For the CO mix design, a simple reduction in the amount
of fine sand was accompanied by a decrease in the aggregate-binder ratio. As a result, the
reduction in fine sand was compensated by the increase in the amount of binder. Mix designs were
consequently improved to DO and D1 by keeping the total mass and aggregate-binder ratio constant,
and increasing or decreasing the fine sand-aggregate ratio by 10%. Figure 5.37 shows that there
was basically no difference in bleeding among COREPO1 and Al repeated experiments, but the
bleeding was distinct in DO experiment.
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Figure 5.32: Normalised pore pressures used to examine the effect of specific surface area
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Figure 5.33: Surface subsidence used to examine the effect of specific surface area
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Figure 5.36: Proposed theory compared to normalised pore pressure over the first 15 minutes to
examine the effect of specific surface area
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Figure 5.37: Normalised pore pressures used in the comparison with the CO and DO mixes
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Figure 5.38: Experiment A2 Figure 5.39: Experiment A3
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Figure 5.40: Experiment DO Figure 5.41: Experiment D1

5.5 Remarks on the PPC Test

Figurc 5.42 shows that there was more than 180 seconds (3 minutes) reduction in the tremie
concrete placement by the use of a special funnel (Figure 4.4). A faster tremie concrete placement
reduced the amount of small consolidation after each scoop of tremie concrete was placed, as
shown by the small dip after each increment in pressure. For future studies on bleeding, a miniature
replica of hopper and tremie pipe (used on site) can be designed to fit in the PPC test, so the
tremie concrete placement will be performed in close proximity to the real situation. In contrast
to the rough condition inside the tremie concrete sample, the smooth cylinder wall had much less
resistance to the formation of bleed channels and, hence, it encouraged the formation of surface
bleed channels. The transparent cylinder wall also allowed for the observation of surface bleed
channels. The extent of surface bleed channels was used for the preliminary qualification of the
severity of bleeding.

Apart from adding a special funnel to reduce placing time, there were other attempts to improve
the accuracy of the PPC test, such as recording the initial pore pressure, fixing a scale for surface
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subsidence reading, using a timber support to level the cylinder and using a foam to minimise
noise. In contrast to the current site test on bleeding, the PPC test is more robust and can clearly
compare the bleeding behaviour for first 10 to 15 minutes. This indicates an opportunity for the
future application of the PPC test on site.

However, as mentioned in Section 3.3, the preparation of tremie concrete might introduce consider-
able inaccuracy into experimental results and, hence, affected the investigation of the proposed
bleeding mechanism. First, there was a less precise control of the pre-saturation and mixing time,
since there was no independent check on time. Second, the pre-saturation stage did not produce
the ideal saturated and surface-dry aggregate, as there was no procedure to confirm the degree of
saturation, and it influenced the actual water content in laboratory tremie concrete [5, 11, 15, 28].
Thirdly, a non-standard mixing device was used due to the small amount of tremie concrete required.
The handheld stirring device for the mixing of the tremie concrete could not maintain a consistent
rotation rate, and mixing in a bucket could influence the homogeneity of the tremie concrele
compared with what were done in other research [12, 15]. Finally, for the Al repetitions, there was
no parallel standard tests (such as slump-flow and cube strength tests) to check the uniformity of
repetitions [1, 15].

Original pore pressure

Measuril pore pressure {kI%a
I

—— Experimant A1 (height 409mmi] without a funnal
| — Expatiment AIREPO4 [hesyht 409mm] without a funnel

A ; 1
o 50 100 150 200 250 00 350 400 450 500
Time (s)

Figure 5.42: Time reduction using a special funnel

For future repetitions of the PPC test, there should be an independent and more precise control on
the time. Instead of a simple pre-saturation stage, there should be an improvement to produce the
saturated and surface-dry aggregate. Moreover, a larger amount of tremie concrete can be produced
by a standard mixer for future experiments, so that parallel standard tests can be performed together
with the PPC test. Nonetheless, as the PPC test is potentially applicable on site, the future PPC
tests probably can be directly performed on site with proper construction tremie concrete. Then,
there should be less concern about the quality of tremie concrete.
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5.5 Remarks on the PPC Test

The severity of bleeding was not qualitatively studied by the PPC test, and there is still not a good
way to identify bleeding alone. Nevertheless, since the qualitative classification of bleeding aimed
to provide a range of bleeding rates (or other relevant parameters) for the acceptable bleeding, this
range can be alternatively produced by repetitions of the PPC test with a standard mix design. For
example, in terms of the Al reference mix used in this project, a range of C, values (such as 55
to 200 x 1078 m?/5) from the PPC test may be used to limit the acceptable bleeding of the Al
reference mix for its later application in construction. Moreover, changing the specific surface area
can be a good choice for the future PPC tests to qualify bleeding.
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6 Conclusions

This project was proposed to analyse the bleeding behaviour of tremie concrete following the
study of bleeding problems in deep foundations and current site tests. From the literature review,
the one-dimensional self-weight consolidation was suggested as the mechanism underlying the
bleeding of tremie concrete. Theoretical solutions (of the excess pore pressure, surface subsidence
and bleeding rate) were consequently deduced based on Terzaghi’s equation, and the PPC test was
developed to confirm the proposed model by comparing the experimental measurement of pore
pressure with the theoretical solution. A noteworthy advantage of the proposed one-dimensional
self-weight consolidation model was that only a single variable C, is involved in the theoretical
solution of the excess pore pressure.

The preliminary tests were first performed to validate the feasibility of the PPC test. Recognisable
curves (with shapes close to expectations) of the Al relerence mix design and five other extreme
cases of bleeding were produced by the PPC test. The experimental procedure was proved to
be repeatable, and the PPC test was found to be accurate and less susceptible to human error.
Therefore, the PPC test was used for the examination of the proposed consolidation model.

The PPC test was also performed on-site to investigate its potential for site applications and to
compare laboratory tremie concrete with tremie concrete used in real construction. Although
there was noticeable noise from the surroundings on site, the PPC test was still able to analyse the
bleeding effect. Moreover, the site experience highlighted the need for a pre-saturation step in the
preparation of laboratory tremie concrete. This step was then added to all following experiments,
so the bleeding behaviour of laboratory tremie concrete was similar to that of construction tremie
concrete. It was also found that dry aggregate actually performed better in resisting bleeding as it
had a much slower bleeding rate, although this had potential negative cffects on other properties of
tremie concrete.

The derived one-dimensional self-weight consolidation model was compared with the results from
the repeated experiments of the Al reference mix design and the specific surface area tests. Due to
the spread of the A1 repetition results, the validity of the propose model was uncertain and further
work is required. Nevertheless, it can be seen that, after a certain time, there was a general trend of
decrease in C, values and, thus, the bleeding rate, since the water-absorption from the hydration
and setting of tremie concrete might begin to dominate the process. This was a desirable effect,
and it may imply that the initial bleeding rate mainly determines the severity of bleeding. Together
with observations from cured samples (A1 to AIREPO5), it can be concluded that a decrease in the
initial bleeding rate can reduce the overall bleeding.

As other reactions (hydration and setting) might dominate in tremie concrete after a certain time,
the experimental data were chosen to be further compared with the proposed model within the
first 15 minutes. The deviation from the theoretical solution was still considerable, but it was
more significant in the A1 repeated data than in the specific surface area experimental results.
Consequently, there was a concern that inaccuracy from the preparation of laboratory tremie
concrete largely influenced the interpretation of the proposed model. There was also a lack of
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standard tests to check the uniformity of the repetitions of the A1 reference mix design and the
pre-saturation and mixing stages were probably not precisely controlled. As many methods were
applied to the PPC test to maintain a high accuracy, further repetitions should focus on producing
consistent tremie concrete in the laboratory.

In the specific surface area tests, results from the cement paste (A2 and A3 experiments) were in
line with the previous research from Peng et al. [12] but not with the research from Radocea [16],
so this probably showed the difference between modern cement-based materials and traditional
ones used in the earlier research. The increase in the specific surface area clearly reduced in the
bleeding rate. Therefore, Powers’ argument about the bleeding rate which depends on the balance
between the particle’s self-weight (proportional 1o the particle’s volume) and the viscous drag
around the particle (proportional to the particle’s surface area) is still applicable to modern tremie
concrete. Further research can use different amounts of fine sand to qualitatively control the severity
of tremie concrete bleeding, and then provide a range of acceptable bleeding rates for a certain type
of tremie concrete.

In contrast to the single upper limit of an average bleeding rate used for all types of tremie concrete
in current site tests, the robust PPC test can at least provide an acceptable range of bleeding rates
for a certain type of tremie concrete based on repetitions of the standard mix design. Accordingly,
repetitions will show a range of bleeding rates that the standard mix design of a certain type of
tremie concrete can vary due to human error, temperature change and other possible inaccuracies.
A direct limit on that produced range of bleeding rates can provide a baseline for bleeding of a
certain type of tremie concrete regardless of the qualification of bleeding. Nevertheless, this is an
inefficient approach involving heavy work.

Since the PPC test clearly distinguished different types of tremie concrete within the first 15
minutes, it can be used on site in the future for a short (15-minute) test to replace the current long
and manual one. Furthermore, for the future application of the PPC test on site, there can be a limit
on the pore pressure dissipation rates or the C, values instead of converting the measurements into
bleeding rates.
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A Risk Assessment Retrospective

Overall, this project was carried out at a high Health and Safety standard though it actually
involved several high-risk activities, including the use of Control of Substances Hazardous to
Health (COSHH) constituents of concrete, electric-powered tools and the power supply. The
completion of a thorough risk assessment document from the Engineering Department, acquisition
of the Project Approval Document (PAD) from the Schofield Centre, as well as suggestions from
the supervisor, PhD student and technicians are proved to be extremely helpful.

The project was executed without any issues, emergencies or overtime challenges, however, there
was little experience with the newly designed PPC test. As the documentation requirements
slowed down the rush towards the practical phase at the beginning of this project, several weeks
were spent to consolidate the limited previous experience with the PPC test. As a result, each
experiment was planned at least a week ahead during weekly meetings, and each new experimental
method was properly demonstrated and supervised by technicians before being added to the
experimental procedure. Therefore, even minor problems which could have arose from missing or
misunderstanding steps were avoided.

Nonetheless, the complexity of two experimental procedures (mixing tremie concrete and taking
out cured sample) were underestimated and they were not dealt with properly in the risk assessment
documents. Extra time was spent on working out solutions to these challenges. For the preparation
of the tremie concrete, a specially designed stirring tool was used to mix the small amount of tremie
concrete. The handheld stirring tool exposed the user to different risks compared to the standard
mixer. Nevertheless, the use of the tool was first demonstrated and supervised by the technician and
then potential hazards were discussed. Furthermore, there was not a carefully planned step about
taking out the cured sample from the apparatus. It was then decided that compressed air should
be used; a process which was also properly demonstrated and supervised. Although there were
such unexpected issues, the Health and Safety precautions developed from the risk assessment
procedure provided a good reference for the later uncertainties.

If this project were to start again, it may be prudent to go through the practical experiment step-
by-step with the supervisor and technicians for the risk assessment. Their experience is more
practically helpful, and they can spot any key missing steps or correlated devices more easily.
Moreover, it would be a good idea to ensure that tools are available for use in the laboratory, and
that the existence of better tools for the project than what is expected are explored. It is also
equally important that there is a more thorough time schedule, leaving enough time to deal with
uncertainties and minimising the need to rush during each experiment.
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