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 8 
Abstract  9 

Sedimentation and bleeding of cement pastes with lignosulfonate were studied by visual observation, 10 

HYdroStatic Pressure Test (HYSPT) and Turbiscan measurements showing two bleeding stages: a fast 11 

initial phase followed by a phase with diminishing sedimentation rate. A turbid bleeding zone 12 

establishes during the fast bleeding phase and the top layer gradually becomes transparent in the 13 

diminishing phase within minutes or hours depending on admixture and solid fraction. The bleeding 14 

rates measured visually and by HYSPT in the first 2 hours are higher than the ones calculated by 15 

Kozeny-Carman Equation, whereas turbiscan shows lower rates. Both HYSPT and Turbiscan monitor 16 

the particle and fluid fluxes and thus describe bleeding from turbid to clear zone respectively by 17 

observing the density variation of bulk paste or the change in optical density of the surface region. 18 

Lignosulfonate reduces bleeding by improving particle dispersion to various degrees depending on 19 

types and dosages. 20 

Key words: cement paste (D), admixture (D), bleeding (A), turbid  21 

 22 

1. Introduction 23 

Instability phenomena of cement paste and concrete occur due to density differences between the basic 24 

constituents spanning from water with density 1000 kg/m3 to solids with density 2700-3150 kg/m3. 25 

Generally, bleeding of cementitious materials is the sedimentation consequence of temporarily 26 

suspended particles. In 1939 Powers [1] concluded that the major factors controlling bleeding of 27 

cement paste and concrete are the water content and the surface area of the solids. He also explained 28 

that bleeding occurs in two stages: a period of fast constant rate followed by one with diminishing rate. 29 

The bleeding rate during the constant period can be assumed to follow general laws derived from 30 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

2 
 

Darcy [2] and Poiseuille’s law [3] of capillary flow [4] in a bed of fines and solid particles, leading to 1 

the Kozeny-Carman (K-C) Equation [5], as shown in Eq. (1). There, Q is the bleeding rate (m/s), ε is 2 

the paste porosity (m3/m3), kc is the Carman constant (kc=4.1 according to Powers [5]), µ is the 3 

viscosity of the fluid phase (Pa·s), g is the gravity acceleration (m/s2), σ is the specific surface of the 4 

particles (m2/m3), ρs and ρf are the densities (kg/m3) of the solid particles and fluid. 5 

Q =
��

���
∙
(	
�	�)


����
�

                                                                                                                                  (1)                                               6 

All of Powers research was based on visual observation on the movement of the interface between 7 

bleed water and segregated paste or concrete. However, novel research [6, 7] shows that the  bleeding 8 

front is not always sharp in modern concrete mixes due to slow sedimentation of fine particles and a 9 

preference for higher contents of fine particles combined with use of chemical admixtures such as 10 

superplasticizers (SP) and Viscosity Modifying Agents. Daczko [8] also proposed that a mixture can 11 

be unstable even without clear bleeding. More recent research [9] on cement pastes with initial solid 12 

volume fractions 0.3~0.5 (corresponding to w/c=0.4~0.7) and varying powder content or admixtures 13 

addition show laminated bleeding zones with both clear bleeding layer and a soft turbid layer 14 

consisting of well dispersed fines. In-situ measurements of the w/c ratio by pipette [7] demonstrated 15 

substantial variation in the top surface zone. Therefore, the traditional term “bleeding” is about to lose 16 

its meaning for modern cement paste like in Self Compacting Concrete (SCC). This implicates that the 17 

properties of the hardened concrete at the surface can vary considerably from the bulk properties 18 

which may have large influence on both the durability and the surface quality.  19 

 20 

For cement paste with high initial solid fraction, simple analysis of a single particle sinking in the fluid 21 

according to Stokes’ Law [10] is no longer valid. Instead, multi-particle interactions must be taken 22 

into account. The presence of a large number of fine particles has four profound effects on the 23 

properties of cement paste. First, the motion of a single particle will be limited by the surrounding 24 

particles and thus the effective particle settling rate decreases. Secondly, an increasing volume fraction 25 

raises the viscosity and yield stress towards infinity. Thirdly, emergence of yield stress and associated 26 

percolated network also decreases the particle settling rate. Finally, the sum of inter-particle forces or 27 
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flocculation state influences the sedimentation process [7, 9]. In addition to the effect of solid fraction, 1 

the composition of solid phase and presence of admixtures will affect the settling. Furthermore, the 2 

reabsorption of bleeding water may also affect particle sedimentation and bleeding rate [10, 11, 12]. In 3 

[9] it was found that the Richardson-Zaki Equation (R-Z) [13] to some extent is applicable to describe 4 

the sedimentation in cement paste or filler modified matrix. It describes the empirical relation between 5 

Stokes terminal sinking velocity for a single particle and the effect of surrounding particles at arbitrary 6 

volume fractions (Φ). As multiple particles sink, various zones form. Kynch [15] first described the 7 

movement of particles between different zones. Fitch [16] later included compression of the sediment 8 

cake and suggested a relationship between the settling rate Up, the flocculation tendency and solid 9 

concentration Φ. In this research, zone formation in cement pastes by sedimentation are defined as 10 

follows: bleeding water collected on the top followed by a homogeneous concentration zone, a 11 

variable concentrated zone and finally a sediment cake at the bottom, as illustrated in Fig. 1.  12 

 13 

Fig. 1: Different zones in suspension during sedimentation  14 

Traditional experimental methods to measure bleeding [17, 18, 19, 20, 21] rely on the measurement of 15 

visual bleeding depth or total bleeding and therefore cannot be used without a clear bleeding front. 16 

Microscopy or spectroscopy may be used to study the variation of concentration and the consequent 17 

bleeding, but the upper limit in solids fraction is only around 0.1. Therefore, the development of new 18 

test methods is important to investigate the bleeding of cement paste with normal solid fraction. The 19 

applicability and repeatability of HYSPT for fresh cement paste was explained in [7]. There is a 20 

reasonable correspondence between bleeding rate measured with pipette and calculated from 21 

hydrostatic pressure gradient. In the calculation of the bleeding rate from dP/dt, the pressure gradient 22 

at a specific depth, bleeding could be assumed to be a sharp front and a homogeneous zone beneath it 23 
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[7]. HYSPT also indicates the paste flocculation state which relies on that at a given initial Φ0 better 1 

dispersed particles sink slower than flocculated ones. The bleeding depth was calculated according to 2 

Eq. (2), where P (h,t) is the detected pressure (Pa) at the height to paste surface h (m) and time t (s), hb 3 

is the bleeding depth (m), Φ0 is the initial solid fraction (in homogeneous zone Φ is assumed to be 4 

equal to Φ0), ρp and ρf are respectively the mass densities of the particle and fluid (kg/m3).  5 

P(h, t) = ρ�gh� + [ρ�Φ� + ρ�(1 − Φ�)] ∙ g ∙ (h − h�)                                                                        (2) 6 

Time dependent turbidity measurement on the bleeding layer is the other method employed in this 7 

research to study sedimentation and formation of a bleeding layer. A Turbiscanner was used to 8 

measure the turbidity as a function of time for sedimenting cement paste. This apparatus has been used 9 

to detect sedimentation of dispersed or flocculated particles and the consequent bleeding of emulsions 10 

and suspensions, but rarely applied for cement paste. Meunier [22] first described it as a new concept 11 

to evaluate stability in concentrated colloidal dispersions. Later Meunier et al. [23, 24] and more 12 

recently Lemarchand et al. [25] applied it to analyze stability of emulsions or suspensions. The effect 13 

of polycarboxylate (PCE) superplasticizer on supernatant of suspensions was observed with Turbiscan 14 

in the research by Autier et al. [26], but the solid fractions of the suspensions are much lower than 15 

normal cement paste. Here we for the first time attempt to use the intensity variation of the transmitted 16 

light to investigate bleeding of cement paste with practical w/c between 0.4 and 0.7. 17 

 18 

As mentioned, modern cement pastes often have a high content of fine particles and various 19 

admixtures which reduce the particle sedimentation rate and cause turbid bleeding above the denser 20 

bulk paste. Turbid bleeding is hard to observe by traditional bleeding test methods and often not 21 

addressed in research about bleeding phenomena. The scope of this work is to investigate the 22 

mechanism of bleeding, the development of a turbid bleeding zone and the effect of lignosulfonate 23 

(LS) representing a traditional plasticizer, on this process. For this purpose, sedimentation and 24 

bleeding of neat cement pastes with or without LS were measured by observing the variation in 25 

hydrostatic pressure of fresh paste as well as by optical scanning of the turbid bleeding zone by 26 

Turbiscan. Both methods follow the evolution from fresh homogeneous suspension to segregated paste 27 

with a combined clear-turbid bleeding zone and a dense sediment cake. In addition, the bleeding rates 28 
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measured with the two new methods are compared with those from traditional visual bleeding tests 1 

and the K-C Equation. Hopefully the research on the turbid bleeding and the application of new 2 

measurement methods can improve the understanding of how bleeding occurs in modern cement paste. 3 

 4 

2. Materials and measurement methods 5 

2.1.  Materials  6 

The recipes of the samples for all measurements are shown in Table 1. Four types of LS, described by 7 

a DP-number are applied with main characteristics shown in Table 2, where Mn is the number average 8 

molecular weight, Mw is the average molecular weight. All the LS dosages are solid dosage by cement 9 

weight (% sbwc).The cement used in this research is Norwegian standard Portland cement STD-CEM 10 

I with main chemical and physical characteristics shown in Table 3. Paste samples for Turbiscan 11 

experiments were prepared by weighing cement, water and LS into a beaker. The paste was stirred by 12 

an overhead mixer with a U-shaped impellor for three min at 200 rpm, kept at rest for five min 13 

followed by mixing at 200 rpm for two more min. Around 20 ml paste was filled into the Turbiscan 14 

vial with 2.5 cm diameter (filling height: 4.5~5 cm) and placed into the instrument. The Turbiscan 15 

measurements normally commenced around 15 min after first contact between cement and water. 16 

Around 3 liters of cement paste was mixed separately in a 5 liter Hobart mixer for HYSPT and visual 17 

bleeding tests with the following mixing procedure: the dry cement was mixed at low speed for 1 min; 18 

water and SP was added simultaneously and mixed for 2 min at lower speed 136 rpm; then changed to 19 

middle speed 281 rpm, continued mixing for 1 min, waited for 5 min while using spatula and hand to 20 

check for agglomerates; at last mixed the paste at middle speed for 1 min. After mixing, the samples 21 

were filled to the required heights in two cylinders for both tests. The top of the cylinders was covered 22 

and both tests started around 10 min after water addition. The duration of all experiments, HYSPT, 23 

visual bleeding and Turbiscan were 4 h.  24 

Table 1: The recipes of all the samples 25 
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 1 

Table 2: The characteristics of four types of lignosulfonate (LS) 2 

 3 

Table 3: The characteristics of Portland cement  4 

 5 

 6 

dosage
(sbwc)

1  wc0.4 0.4 0.442

2  wc0.5 0.5 0.388

3  wc0.6 0.6 0.346

4  wc0.7 0.7 0.312

5  23-wc0.4p0.3 0.4 0.442

6  23-wc0.5p0.3 0.5 0.388

7  23-wc0.6p0.3 0.6 0.346

8  23-wc0.5p0.2 0.2

9  23-wc0.5p0.5 0.5

10  24-wc0.4p0.3 0.4 0.442

11  24-wc0.5p0.3 0.5 0.388

12  24-wc0.6p0.3 0.6 0.346

13  24-wc0.4p0.5 0.4 0.442

14  24-wc0.5p0.5 0.5 0.388

15  24-wc0.4p0.8 0.4 0.442

16  24-wc0.5p0.8 0.5 0.388

17  24-wc0.6p0.8 0.6 0.346

18  25-wc0.4p0.3 0.4 0.442

19  25-wc0.5p0.3 0.5 0.388

20  25-wc0.6p0.3 0.6 0.346

21  25-wc0.5p0.2 0.2

22  25-wc0.5p0.5 0.5

23  26-wc0.4p0.3 0.4 0.442

24  26-wc0.5p0.3 0.5 0.388

25  26-wc0.6p0.3 0.6 0.346

26  26-wc0.5p0.2 0.2

27  26-wc0.5p0.5 0.5

28  23-wc0.7p0.3 0.7 0.312 DP1523

29  24-wc0.7p0.3 0.7 0.312 DP1524

30  25-wc0.7p0.3 0.7 0.312 DP1525

31  26-wc0.7p0.3 0.7 0.312 DP1526

0.3

DP1525

DP1526

/ /

DP1523 0.3

0.8

0.3

0.3

0.3

0.5

No. Sample code w/c
solid 

fraction Φ
lign. type

0.5 0.388 DP1523

DP1526

DP1524

DP1524

0.5 0.388

0.5 0.388

DP1524

DP1525

Characteristic DP1523 DP1524 DP1525 DP1526
DM, % 40 40 40 40
Mw 45700 35000 87100 6000
Mn 2650 2650 5100 1250
pH, 10% solution 7.8 4.4 8.2 6.8
Insoluble, w/w % 0.03 0.67 0.01 0.5
Reducing sugars, % 0.8 7.3 <0.5 4.1
Calcium, % 0.4 4.6 0.03 6.6
Sodium, % 8.8 0.4 6.1 0.2
Chloride, % <0.05 <0.05 <0.05 0.2
Sulphate, % 1.5 0.4 0.5 0.2

Composition SiO2 Al2O3 Fe2O3 CaO MgO P2O5 K2O Na2O SO3 Blaine [m
2
/kg] D50 [µm] Specific weight [g/cm

3
]

STD-CEM I 20.98% 5.13% 5.13% 60.61% 2.39% 0.14% 0.86% 0.43%3.01% 382 13.3 3.15
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2.2. Measurement methods 1 

The HYSPT setup is shown in Fig. 2 and also described elsewhere [7, 9]. The pressure sensors can be 2 

mounted at different depths, in this work the pressure variation was recorded at 1, 2, 4, 6, 11 and 20 3 

cm depths by filling fresh cement paste to a proper height above the sensors. HYSPT is a gravimetric 4 

method that applies sensitive pressure sensors to detect low pressure changes mainly induced by the 5 

movement of particles and fluid [6, 7, 9]. The small drop in hydrostatic pressure during the first couple 6 

of hours of fresh cement paste before set is of a different nature than the formwork pressure reduction 7 

that normally is monitored over longer time. Using a model proposed by Ovarlez and Roussel [27] the 8 

formwork pressure at 10 cm height (approximately middle of the cylinder) at a filling rate of 0.1 m/s 9 

and a thixotropic structuration rate of 0.1 m/s is estimated to be around 100 Pa assuming the cement 10 

paste density to be 2000 kg/m3. It is emphasized that much of the variation in the sedimentation rate 11 

takes places at heights above 10 cm where the contribution from formwork pressure will be smaller. 12 

As will be shown below, this is substantially less than the measured change in hydrostatic pressure due 13 

to sedimentation.  14 

 15 

To the best of our knowledge, use of a change in hydrostatic pressure to detect cement particle 16 

movement was first published in 1976 [28, 29]. The estimated counter-flow due to chemical shrinkage 17 

at the setting point (around 3% degree of hydration [30]) leads to less than 10% of the pure hydrostatic 18 

pressure drop according to our estimates based on Darcy and using realistic permeability values for 19 

fresh paste [31, 32]. The left plot in Fig. 3, taken from Radocea [33] illustrates the pressure 20 

mechanisms in the different phases during settling and setting of fresh cement paste. HYSPT 21 

measurements were found to match this illustration [34], as shown in the right plot of Fig. 3. Note that 22 

the Endress & Hauser Cerabar S PMC71 pressure sensor used in HYSPT self-compensates the 23 

atmospheric pressure variations and thus records pure hydrostatic pressure change with an accuracy of 24 

0.75 Pa. The sedimentation rate expressed as dP/dt from HYSPT takes into account the solid fraction 25 

variations in all zones above the detection level, while the much larger formwork pressure includes 26 

water suction by the water-air menisci formation between particles at the surface, thixotropic structural 27 

buildup and the more powerful suction due to chemical shrinkage after paste set. It should be noted 28 
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that the right plot in Fig. 3 does not include pressure variation due to evaporation since it is always 1 

avoided in HYSPT. The hydration for all conditions has been determined with isothermal calorimetry 2 

[34] to make certain that all samples are in the induction period [35] during sedimentation 3 

measurements. Earlier research on static yield stress buildup of such pastes [34] by plate test [36] has 4 

validated that the pressure induced by thixotropy and yield stress buildup in the early age (4 h in this 5 

case) is limited to less than about 10% of the pressure drop due to particle movement. Based on above 6 

discussion and Fig. 3, it can be inferred that pressure drop followed by a plateau pressure equal to 7 

water pressure at that level is presumably due to particle movement. This is further studied here by 8 

progressively moving the detection level closer to the liquid surface and using Turbiscan 9 

measurements. 10 

 11 

Fig. 2: hydrostatic pressure test pressure detection system (sensors at 11 and 20 cm depth) 12 

 13 

Fig. 3: Left – the pressure acting on paste structure illustrated by Radocea [19]; right – the pressure 14 

measured by HYSPT at the bottom level of the paste with w/c=0.5 and 0.3% PCE [34] 15 
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The visual bleeding test comprises a glass cylinder with 65 mm diameter filled to the same height of 1 

paste sample as the HYSPT column (22 cm). The cylinder was always covered with plastic foil to 2 

avoid evaporation. In Fig. 4 a typical result with the effect of LS is shown. It can be seen that the 3 

visual bleeding of paste with 0.3% LS is larger than that of paste with 0.5% LS. However, the paste 4 

with the high amount of LS has a deep soft turbid layer. This soft turbid layer is not detected by simple 5 

visual observation.  6 

 7 

Fig. 4: Visual bleeding measurements for pastes at 4 h (right picture for reference to dimension) 8 

The turbidity measurements were performed by using an optical Turbiscan analyzer [37]. It can record 9 

destabilization of concentrated dispersions with solid volume fraction up to 60% and mean particle 10 

sizes between 0.05 and 5 µm. The apparatus is programmed to scan along the height of the cement 11 

paste every minute for the first hour and every third minute for the other three hours, and acquires both 12 

the transmitted light (at 180° to incident light) and backscattered light (at 45° to the incident light). 13 

The stability of the paste can be evaluated by analyzing the variation in transmitted or backscattered 14 

intensity at different times. The paste is stable if the scans at different times overlap. It is assumed that 15 

a change in the transmission value ∆T corresponds to a change in the particle volume fraction due to 16 

particle migration or flocculation. An increase in transmission at a specific height is assumed to 17 

correspond to the incipient stages of bleeding layer formation. The evolution of the bleeding process is 18 

described by the increase in both height and transparency as a function of time with the software 19 

Turbisoft LabExpert V.1.13. An example of measured transmission as a function of height and time in 20 

the first 2 h for two pastes with different LS is presented in Fig. 5. 21 

26-wc0.5p0.3 26-wc0.5p0.5 
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 1 

Fig. 5: A 3D illustration of bleeding formation based on the variation of transmission as a function of 2 

height and time  3 

The pastes are completely turbid and no light penetrates at the onset of the experiments, characterized 4 

by zero transmission. For the right plot, after around 10 min a small shoulder appears near the top of 5 

the paste which widens to span the entire height of the bleeding layer after around 20 min. As time 6 

goes, the transparency of the bleeding layer increases corresponding to a gradual clarification. This 7 

variation provides an independent description of the sedimentation process since the transmitted light 8 

is inversely proportional to the volume fraction of particles. The results shown in Fig. 5 indicate that 9 

the formation of a bleeding layer is different in the presence of the two LS. For the paste containing 10 

0.3% DP-1523 LS (left in Fig. 5), the transmitted light increases centered along a narrow band of 11 

heights; in contrast, sedimentation in the paste containing 0.3% DP-1526 (right in Fig. 5) takes place 12 

in a wider band of sample heights. With addition of DP-1523, the bleeding layer remains as a ≈ 1 mm 13 

narrow band for 4 h. In contrast, the bleeding layer of paste containing DP-1526 rapidly expands to 14 

around 3 mm. The transmitted light intensity gradually increases up to 80% in 2 h after which the 15 

intensity gradually increases in the last 2 h of tests for both pastes. The gradual transmission increase 16 

signifies the emergence of a bleeding layer. The software facilitates calculation of the band width 17 

where sedimentation takes place. The lower part of this band corresponds to the non-transparent part 18 

of the paste and the upper part equals to the surface of the paste. The formation of a soft turbid 19 

bleeding zone can be due to the presence of plasticizer. Fig. 5 illustrates the effects of different 20 

plasticizers on this process, while currently the reason for such effects cannot be explained. More 21 

details about Fig. 5 will be discussed in the section about Turbiscan results. 22 

 23 

23-wc0.7p0.3 26-wc0.7p0.3 
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The data shown in Fig. 5 are used to calculate the bleeding height as a function of time. To get the 1 

bleeding height from the transmission light change ∆T, it is important to define a proper threshold of 2 

∆T that can be looked on as the bleeding layer. A low transparency threshold of 0.3% was selected to 3 

capture the different sedimentation processes of various pastes. Selection of a higher transparency 4 

threshold value does not change the appearance of the calculated bleeding height. It does shift the 5 

onset of bleeding to longer times and lowers the bleeding height. 0.3% transparency threshold does not 6 

correspond to completely transparent water but reflects that the solid fraction at a given height is lower 7 

than the initial one. It means that the transparency change captures the bleeding formation. The 8 

bleeding heights as a function of time observed in Fig. 5 with such threshold definition are presented 9 

in Fig. 6. All bleeding results in the following sections are presented in the same way.  10 

 11 

Fig. 6: The bleeding height measured Turbiscan (transmission light) for two pastes with different LS 12 

Turbiscan monitors the bleeding process precisely by detecting the change in transmitted light. 13 

However, the vials used in Turbiscan measurements have smaller diameter than those for the other 14 

methods. Compared with the bigger containers in HYSPT and visual bleeding tests, the size of the 15 

Turbiscan vial may induce wall effects as the surface/volume ratio is higher than the other cylinders 16 

[34]. Green and Boger [38] found that a smaller container diameter restricts particle migration. At the 17 

beginning of Turbiscan experiment, a horizontal border forms at the top of sample. However, the 18 

bleeding water gradually wets the vial wall and forms a curved meniscus. As the meniscus represents 19 

an interface between the sample and the top phase, the instrument records the meniscus with different 20 

transmission than the sample or bleeding water. The meniscus curvature is determined by the air-water 21 

interfacial tension (which will be further increased due to the presence of ions released from the 22 

cement) and the wetting- or contact angle of the glass. The water below the meniscus is detected as 23 
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bleeding zone. If the meniscus curvature is high, the bleeding zone detection will be delayed until a 1 

“transparent” layer forms below the meniscus. In addition, the water captured in the meniscus cannot 2 

be detected. In order to lower the interfacial tension between bleeding water and the top phase, a thin 3 

layer of silicone oil containing a small amount of surfactant (water-soluble linear alcohol) was added 4 

on the top of the paste prior to Turbiscan measurements. The difference in meniscus curvature with 5 

air, only silicone oil or oil with surfactant is illustrated in Fig. 7. 6 

 7 

Fig. 7: The menisci of normal paste (w/c=0.6) without oil top (left), with only oil top (middle) and 8 

with oil combined surfactant on top (right)  9 

The repeatability of Turbiscan was investigated, see Fig. 8 for the pastes with w/c=0.6, wc0.6 for the 10 

cases without oil top and wc0.6-ot for that with oil and surfactant. Turbiscan measurements without oil 11 

top show good repeatability with lower than 1% variation of total bleeding in 4 h. In the case with oil 12 

top, the bleeding was observed around 20 min earlier than the case without oil top. We assume this 13 

corresponds to the time required for the meniscus to pass the detector. Finally the bleeding height from 14 

the oil top measurement is much higher. As discussed above, using oil with surfactant on top 15 

facilitates an earlier bleeding detection because the meniscus towards the oil has a lower curvature, 16 

which also results in a higher bleeding height. However, the features of the curves in Fig. 8, which 17 

present the bleeding rate, are similar which indicates that the measurements with or without oil top 18 

both show the bleeding layer buildup. More results for the measurements with or without oil top will 19 

be presented in the following section.  20 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

13 
 

 1 

Fig. 8: bleeding heights of pastes with w/c=0.6 measured by Turbiscan with or without oil top in 4 h  2 

 3 

3. Results and discussion  4 

3.1. Clear bleeding measured by visual bleeding test  5 

The total visual bleedings of all cement pastes in 4 h are shown in Fig. 9. The legend from top to 6 

bottom corresponds to the paste codes with their bleeding heights shown from left to right. It is 7 

reasonable that the bleeding height increases notably with increased w/c ratio. However, from the 8 

results of the paste groups with w/c=0.5, it is interesting that bleeding heights do not change with 9 

increasing LS dosage. The effects of different LS on clear bleeding depth vary with the w/c ratio and 10 

the dosage. Fig. 9 also shows that for group w/c = 0.5, the paste with 0.3% DP1523 presents slightly 11 

higher bleeding than those with 0.2% or 0.5% dosages. DP1524 induces lower bleeding as dosage 12 

increases from 0.2% to 0.5%, whereas DP1525 and DP1526 do not present any clear tendency. This 13 

means that different types and amounts of LS may change the flocculation state of the paste which is 14 

observed as changes in the bleeding height. The visual observation of bleeding neglects the possible 15 

turbid bleeding layer, which is a weakness. It may explain why these results are not in line with the 16 

sedimentation process shown in Fig. 10 to 12 further on below. 17 
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 1 

Fig. 9: the visual bleeding heights of cement pastes after 4 h sedimentation 2 

 3 

3.2. Sedimentation process measured by HYSPT 4 

The changes in hydrostatic pressure as a function of time for cement pastes with different LSs are 5 

shown in Fig. 10 to 12. The left parts of all figures show the bottom pressure at 20 cm below the paste 6 

surface and the right for the middle pressure at 11 cm below the surface. A plateau pressure is reached 7 

in 4 h for some measurements. This constant pressure is similar to the water pressure above the sensor 8 

which again validates the previous inference about particle movement. Attainment of theoretical 9 

hydrostatic pressure of water signifies that the particles above the sensor are part of a percolated 10 

network supported by the bottom of the container. In contrast, a decaying hydrostatic pressure, larger 11 

than that of water, signifies that particles are still suspended and sinking above the pressure sensor. 12 

Earlier in [7] it was assumed that the paste close to the pressure sensor at the middle level belongs to 13 

the homogeneous zone (Fig. 1). The pressure sensor at the bottom was assumed to record the pressure 14 

variation in the sediment cake. Using these assumptions and Eq. (2) allow calculation of the bleeding 15 

height as a function of time. Fig. 10 shows the pressure variations for cement pastes with w/c=0.5 and 16 

0.3% of different LS, and Fig. 11 corresponds to the effects of 0.5% LS. Generally the sedimentation 17 

process at the measurement point ends when the plateau of water pressure is reached. The presence of 18 

LS influences this process in two ways: firstly the plateau establishes with a less clear nick point, 19 

secondly the time to reach the equilibrium pressure and the whole sedimentation period can be 20 
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prolonged. Possible causes are general dispersion of the cement particles and modulated interparticle 1 

forces which may facilitate higher packing densities in the variable concentration zone and sediment 2 

cake. However, the influences vary with the type and dosage of LS. The different LSs dosed at 0.3% 3 

lead to rather similar pressure reductions with time. Fig. 11 shows a slower decay of pressure in the 4 

presence of DP-1525 than the other LSs. This may pertain to the higher molecular weight of DP-1525 5 

which stabilizes the paste better than the other LSs. Earlier research by Wallevik [39] also showed that 6 

high molecular weight LS at higher dosage, 0.6% in his case, induces higher plastic viscosity of the 7 

fluid phase of paste or mortar phase which reduces the particle sinking velocity according to Stokes 8 

Law [10]. However, at lower dosage such as 0.3% this effect is not obvious. Possibly there is a critical 9 

dosage of LS for cement paste depending on the solid fraction (or w/c ratio) where all the particles are 10 

dispersed well but without more LS left in the fluid. In addition, the previous research with HYSPT 11 

[7] showed the pastes without plasticizer (sample 1-4) presented a relative higher pressure drop 12 

gradients and sedimentation rate compared with the pastes with the same w/c ratio and SP. The 13 

dispersing effect of SP and thus less flocculation mainly contributes to this effect according to Stokes’ 14 

Law [10].  15 

 16 

Fig. 10: The pressure results of cement pastes with 0.3% of different LS  17 

 18 

Fig. 11: The pressure results of cement pastes with 0.5% of different types of LS  19 
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The sedimentation processes for cement pastes with the same LS and various w/c ratios are shown in 1 

Fig. 12. The variations in initial pressure are mainly the consequence of different initial densities and a 2 

small variation in filling height of the samples. The pressure drop with time for w/c=0.4 is more rapid 3 

than for w/c 0.5 and 0.6. It may happen for three reasons. First, more extensive flocculation happens 4 

due to the shorter inter-particle distance and the enhanced attractive forces between particles. Secondly 5 

the sediment cake and variable concentration zones occupy larger fractions of the paste with lower w/c 6 

ratio which may change the hydrodynamics of the sedimentation process. Finally the lower w/c ratio 7 

also causes more autogeneous shrinkage and higher rate of chemical shrinkage [40, 41] as a result of 8 

the earlier reactions between cement and water, which lead to the volume reduction.  9 

 10 

Fig. 10 to 12 illustrate that the pressure change can be divided into two phases: an initial fast pressure 11 

drop period followed by a plateau period with diminishing rate. It matches the two bleeding phases 12 

presented in the introduction. The period before reaching the plateau can be defined as the bleeding 13 

period. Radocea [33] claimed that after this period menisci form at the surface causing suction where 14 

evaporation took place. He called this the setting of cement paste, see also Fig. 3. In this research the 15 

surfaces of all pastes are wet without menisci formed between particles. Evaporation is eliminated by 16 

the foil on the cylinder top but the re-suction by chemical shrinkage persists. Two additional findings 17 

can be pointed out. First, the pressure does not decrease at a constant rate for some pastes with LS. It 18 

reflects various bleeding rates with time. Secondly, the pressure curves at bottom and middle levels for 19 

a specific paste do not always show the same shape because they might be within different 20 

sedimentation zones (see Fig. 1 and 2).  21 

  22 

Fig. 12: The pressure results of cement pastes with varied w/c ratios  23 

 24 
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3.3. Bleeding by near-surface pressure measurements with HYSPT  1 

According to Eq. (2), bleeding can be properly calculated if the variation in solid fractions during the 2 

course of the sedimentation process above the pressure detection level is known. It was found in [9] 3 

that the homogeneous zone below the turbid bleeding zone has a solid volume fraction close to the 4 

initial solid fraction of the paste. When just measuring the pressure below the surface, potentially only 5 

the bleeding and homogeneous zones are involved in the pressure changes. Therefore the bleeding 6 

rates as a function of time can be investigated by HYSPT with the pressure transducers installed close 7 

below the bleeding front applying Eq. (2). Fig. 13 shows the top pressure changes at 2 cm below the 8 

top surface for the pastes with w/c = 0.7 and different LSs at 0.3% dosage. It can be seen that LS 9 

addition at this dosage influence on the particle sedimentation process by prolonged time to reach the 10 

plateau and plateau pressure closer to that of pure water (p=ρgh=1000 kg⋅m-3⋅.9.81 kg⋅m⋅s-2 .0.02 11 

m≈200 Pa). In addition, it is important to note  the different natures of the plateaus at the middle or 12 

bottom level where the particles above the sensor are supported by the bottom of the container through 13 

a continuous percolated network (Fig. 10, 11 and 12), and at the top level where all particles have 14 

passed the sensor (Fig. 13). 15 

 16 

Fig. 13: Pressure measured at 2 cm below the paste surface for pastes with different LSs  17 

Fig. 14 presents the calculated bleeding height and average bleeding rates in each 10 min for the first 2 18 

h as a function of time based on Fig. 13 and Eq. (2) for the pastes with w/c=0.7. The bleeding rate at 19 

zero time cannot be calculated based on the equation and thus was not included in the bleeding rate 20 

curves (same for all other plots of bleeding rates). Generally the bleeding rates vary between 6.7�10-06 21 

and 7.6�10-06 m/s in the first hour which are higher but in the same order of magnitude as determined 22 

from visual bleeding measurements (2.1�10-06 to 2.9�10-06 m/s). K-C Eq. (Eq. (1)) gives a bleeding rate 23 
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of 2.2�10-06 m/s, hence close to those from visual bleeding tests. The similarity between visual 1 

bleeding and the estimate from the K-C equation is reasonable since neither take the soft turbid layer 2 

into account. In contrast, HYSPT predicts larger bleeding rate when using Eq. (2) because the soft 3 

turbid layer has a lower density than the paste below it. After around 1.5 h, all the bleeding curves 4 

reach a plateau corresponding to the start of the second bleeding period with diminishing rate. Fig. 15 5 

shows the bleeding heights and rates of paste with various w/c ratios. The pastes with w/c=0.5 and 0.6 6 

show similar bleeding inflection points and rates but much lower than that with w/c=0.7, which is in 7 

line with visual bleeding tests. In addition, another interesting phenomenon observed by HYSPT is: 8 

the peaks of bleeding rates for all pastes occur during the first half hour, which matches with the 9 

observation by Turbiscan and will be explained later.  10 

 11 

Fig. 14: Bleeding heights and bleeding rates calculated from HYSPT at 2 cm below surfaces for pastes 12 

with w/c = 0.7  13 

 14 

Fig. 15: Bleeding heights and bleeding rates for pastes with various w/c ratio 15 

When the bleeding front is below the tip of the pressure sensor, the pressure reaches a plateau and 16 

bleeding cannot be observed as change in hydrostatic pressure. Therefore, the pressure sensor needs to 17 

be set close below the final bleeding front to observe the whole bleeding process. Fig. 16 shows the 18 

bleeding heights and rates calculated from the pressure variation at 2, 4 or 6 cm below the surfaces of 19 
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the pastes with w/c=0.7 and 0.3% LSs. The bleeding rates from the pressure variation at 4 and 6 cm 1 

are similar at 5�10-06 m/s while the rate at 2 cm is higher at 7�10-06 m/s. Only the bleeding curve at 2 2 

cm reaches a plateau indicating that the bleeding front passes and finally forms at a lower height. 3 

Generally the bleeding rate seems fairly constant during the first hour which is in line with classic 4 

bleeding theory [1].  5 

  6 

Fig. 16: Bleeding heights calculated from HYSPT at different levels (left-2 h, right-1 h with trendlines) 7 

  8 

3.4. Clear and turbid bleeding measured by Turbiscan  9 

3.4.1. Evolution from turbid to transparent bleeding observed by Turbiscan 10 

Turbiscan was applied to observe the bleeding and sedimentation development first without adding oil 11 

layer on the top of the samples. The evolution of bleeding is shown in Fig. 17 for pastes with w/c = 0.7 12 

and 0.3% LSs. The right plot shows the change of average bleeding rate calculated in steps of 10 min 13 

for the first 2 h from the left Turbiscan results. From the start, zero bleeding height indicates that the 14 

paste is turbid and no light can travel through. At different times depending on the type of LS, a 15 

bleeding layer starts to form with two processes: one fast initial followed by a slower. Both rates vary 16 

with the type of LS. After around 1 h, the bleeding height attains a steady lower value. The final 17 

bleeding layers also have different heights after 2 h compared to after 1 h. The bleeding rates from 18 

Turbiscan measurements shown in Fig. 17 seem lower than those from HYSPT possibly due to the 19 

size effects mentioned in Section 2.2.  The pastes with various LS show different maximum bleeding 20 

rates which occur at the same time. A common feature of the bleeding rates is a quick acceleration to a 21 

peak bleeding rate from an apparent zero rate and then a somewhat slower decay towards zero again. 22 
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 1 

Fig. 17: Calculated evolution of bleeding height and bleeding rate for pastes with various LS  2 

Going back to Fig. 5, one may discern that the initial thin bleeding layer maintains high light 3 

transmission during the whole experiment. During early sedimentation the bleeding gradually 4 

increases to a maximum depth and then remains constant afterwards until the experiments ends. Fig. 5 5 

indicates that the height of bleeding layer is established within the first 20 min and becomes more 6 

transparent over the course of several hours. Possibly the fast bleeding process corresponds to the fast 7 

sedimentation of the top particles and the formation of turbid bleeding layer at a relative constant rate. 8 

When the bulk of particles have passed through the bleeding front, it corresponds to a lower bleeding 9 

rate and a gradual clarification of the bleeding layer seen as an increase in the transmission, see Fig. 5 10 

after around 1 h. The Turbiscan observations indicate that the formation of the bleeding zone in Fig. 1 11 

can be described as the following two stage process. First a short-term hindered sedimentation of 12 

particles and fluid flowing upwards to form the main bleeding layer, then follows a long-term 13 

supernatant clarification and sediment compression. The latter is characterized by high and increasing 14 

degree of particle percolation that transfers load from the solids to the bottom of the container by 15 

direct contact, hence reducing hydrostatic pressure to water pressure.  16 

 17 

3.4.2. Materials effect on bleeding by Turbiscan with oil top setup 18 

Fig. 18 shows bleeding of plain pastes with various w/c ratios observed by Turbiscan with oil top. It 19 

can be seen that the time to establish the bleeding layer increases with the initial solid fraction of the 20 

paste. It is interesting that the bleeding height continues to increase during the whole measurement 21 

period for the pastes with w/c=0.6 and 0.7, while it decreases for pastes with w/c =0.4 and 0.5 after 22 

around 1 h. Probably the bleeding height decreases due to the stronger chemical shrinkage and water 23 
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re-suction for pastes with lower w/c ratio. Furthermore it seems that LS has two effects on bleeding: 1 

first the water re-suction is relieved due to the retardation of cement hydration by LS; secondly the 2 

onset of bleeding is delayed, as also shown in Fig. 19 to 21. This is because LS disperses cement and 3 

these better dispersed particles sink more slowly delaying clarification.  4 

 5 

Fig. 18:  Bleeding heights and rates for pastes with different w/c ratios 6 

The effect of different LS on bleeding is compared in Fig. 19. The onset of bleeding layer follows the 7 

order DP1526<DP1523<DP1524 while the height of the final bleeding height presents the opposite 8 

order. As explained in [9], the plasticizer may improve dispersion of the cement particles and modify 9 

compression of the sediment cake, both modifying the stability of the cement paste. More effective LS 10 

affect both the onset of bleeding and bleeding height by reducing the particle settling rate and 11 

increasing the distance between particles, thus making the paste more stable. However, the paste with 12 

lower bleeding height observed by Turbiscan (Fig. 19) presents higher sedimentation rate shown in 13 

HYSPT (Fig. 10). This may reflect different measurement principles: the gravimetric HYSPT takes 14 

sedimentation of all particles above the detecting level into account, while the transmission light of 15 

Turbiscan only detects movement in the very thin bleeding layer at the top. 16 

  17 

Fig. 19: Bleeding height and rate by Turbiscan measurements for pastes with w/c=0.5 and different LS  18 
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 1 

Fig. 20: Bleeding height and rate by Turbiscan measurements for pastes with w/c=0.6 and different LS  2 

 3 

Fig. 21: Bleeding heights and rates by Turbiscan measurements for pastes with w/c=0.5 and different 4 

LS at the dosage of 0.5%  5 

Fig. 20 shows the effect of DP1523 and DP1526 at higher w/c ratio. Comparing with Fig. 19, it is 6 

clear that LS acts as a better stabilizer against bleeding for pastes with lower w/c. On the other hand, 7 

Fig. 21 shows the dosage effect of different LSs (DP1523 or DP1526). Comparing Fig. 19 and Fig. 21, 8 

it seems that at w/c=0.5, higher dosage of LS delays the onset of bleeding and reduces the total 9 

bleeding. The paste with DP1526 presents a higher bleeding height after 2 h than that with DP1523, 10 

possibly resulting from the higher molecular weight of DP1523 and a better stabilizing effect. 11 

However, this effect is less clear for the paste with higher w/c ratio such as 0.6, as shown in Fig. 20. 12 

 13 

3.5. Comparing bleeding rates by Turbiscan, visual bleeding, HYSPT and K-C Equation 14 

The time that separates the two stages of the bleeding process (1 initial fast and 2 diminishing) are 15 

assumed to be the inflection points on the curves in Fig. 18-21. HYSPT results in Fig. 10-12 and Fig. 16 

14-15 also show nick points but they cannot represent the start of diminishing bleeding period because 17 

the detected pressure may involve the fractional change of not only the bleeding but also all zones 18 

above the detecting level.  19 
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Table 4: all calculated bleeding in fast bleeding period and the first 2 h with parallel measurement 1 

results and K-C Eq.  2 

 3 

Table 4 shows the average bleeding rates in both fast and diminishing periods observed by three 4 

parallel methods and theoretical bleeding rates for all pastes. The average bleeding rate in the fast 5 

initial phase (left) and diminishing phase (right) for cement pastes with w/c=0.5 based on Table 4 is 6 

also presented in Fig. 22 for more intuitive comparison between different suspensions. The results in 7 

Table 4 show that most bleeding rates from Turbiscan with oil top, HYSPT and visual bleeding 8 

measurements are of the same magnitude for the fast initial bleeding phase but vary more for the 9 

diminishing period. The Turbiscan bleeding rates are obviously smaller than those of calculated rates 10 

based on HYSPT results and Eq. (2), probably due to the much smaller volume of samples and 11 

different measurement principles as discussed earlier. In addition, Eq. (2) might be too simplified 12 

when the middle pressure is applied to calculate bleeding rate because the solid volume fraction 13 

between bleeding front and the middle pressure detecting level varies too much. The top pressure 14 

measured by HYSPT close below the bleeding front seems better suited for evaluating bleeding rate. 15 

Though the average value could be close to experimental results, the theoretically constant bleeding 16 

rates calculated by the K-C Equation obviously cannot reflect the time-dependent bleeding rates which 17 
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are highly affected by sedimentation, compression, flocculation and particle dispersing phenomena etc. 1 

Similarly, bleeding rates from visual bleeding tests, which only take clear bleeding into account, only 2 

give average values similar to the K-C Eq.. The visual bleeding in a shorter period is hard to observe 3 

precisely, especially during the diminishing period with very slow increase of bleeding height for 4 

pastes with normal w/c ratios of approximately 0.5.   5 

 6 

Fig. 22: Average bleeding rates in fast initial phase (left) and diminishing phase (right)  7 

In Fig. 22, the bleeding rates in the fast initial period demonstrate how LS affect formation of the 8 

bleeding zone and lowers particle settling rate. The average bleeding rate in the diminishing period 9 

may reveal if LS affects compression of the sediment cake. Comparing bleeding rates from HYSPT in 10 

the two periods show that all LSs reduce bleeding rates in both periods. Various LSs induce different 11 

effects in the two periods. Finally it should be mentioned that in [34, 42] an early flash-setting 12 

behavior was observed for a few cement pastes with very high dosage of plasticizer, 0.8% LS for 13 

example. This affects HYSPT measurements by altering some fresh properties such as thixotropy and 14 

the complete loss of flow properties so that HYSPT is not applicable at such situation.  15 

 16 

4. Conclusion 17 

The mechanisms of bleeding in fresh cement paste were studied with two new measurement methods 18 

and the lignosulfonate effect on bleeding was investigated. The bleeding rate of fresh cement paste 19 

cannot always be regarded as constant as assumed by the Kozeny-Carman Equation (K-C, Eq. (1)) and 20 

in traditional bleeding measurements. A soft, or turbid, bleeding front can make visual observation 21 

unable to detect bleeding precisely. Two new measurement methods, HYdroStatic Pressure Test and 22 
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Turbiscan, were therefore applied for turbid bleeding observation. Traditional visual bleeding tests and 1 

K-C Eq. were compared with the former methods. Two bleeding stages (fast initial and diminishing) 2 

were observed by HYSPT and Turbiscan measurements with fluctuating rates.  Turbiscan can define 3 

the movement of the bleeding front based on a selected threshold for the transmission light used to 4 

scan a paste sample which most clearly shows the two-phases bleeding. Adding a layer of thin oil and 5 

surfactant top on paste helped Turbiscan to get a clearer bleeding surface without artifacts by meniscii, 6 

thus achieving better bleeding results. HYSPT can be used to investigate bleeding and sedimentation 7 

because the detected pressure indicates the density change and thus solid volume fraction change due 8 

to particle movement and fluid flow above the sensor, and/or bottom support from the container by 9 

particle percolation below the sensor. For bleeding it is important to set the pressure sensor close 10 

below the bleeding front instead of too low or above it during the whole bleeding process. The 11 

calculated bleeding rates from HYSPT, Turbiscan and traditional visual bleeding tests had similar 12 

magnitude in the fast bleeding phase but were more different in the diminishing period. Generally 13 

visual bleeding tests and Turbiscan measurements were affected by the clarity of the bleeding zone. 14 

LS generally prolonged the sedimentation process and induced lower bleeding rates according to all 15 

experimental results. However, the four types of LS presented different influences due to types, 16 

dosages of LS and the various w/c ratios of cement pastes so that further research is needed to explain 17 

the various effects between the different LS. 18 
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Table 1: The recipes of all the samples 

No. Sample code w/c 
solid 

fraction Φ 
lign. type 

dosage 

(sbwc) 

1  wc0.4 0.4 0.442 

/ / 
2  wc0.5 0.5 0.388 

3  wc0.6 0.6 0.346 

4  wc0.7 0.7 0.312 

5  23-wc0.4p0.3 0.4 0.442 

DP1523 0.3 6  23-wc0.5p0.3 0.5 0.388 

7  23-wc0.6p0.3 0.6 0.346 

8  23-wc0.5p0.2 
0.5 0.388 DP1523 

0.2 

9  23-wc0.5p0.5 0.5 

10  24-wc0.4p0.3 0.4 0.442 

DP1524 0.3 11  24-wc0.5p0.3 0.5 0.388 

12  24-wc0.6p0.3 0.6 0.346 

13  24-wc0.4p0.5 0.4 0.442 
DP1524 0.5 

14  24-wc0.5p0.5 0.5 0.388 

15  24-wc0.4p0.8 0.4 0.442 

DP1524 0.8 16  24-wc0.5p0.8 0.5 0.388 

17  24-wc0.6p0.8 0.6 0.346 

18  25-wc0.4p0.3 0.4 0.442 

DP1525 0.3 19  25-wc0.5p0.3 0.5 0.388 

20  25-wc0.6p0.3 0.6 0.346 

21  25-wc0.5p0.2 0.5 0.388 DP1525 0.2 
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22  25-wc0.5p0.5 0.5 

23  26-wc0.4p0.3 0.4 0.442 

DP1526 0.3 24  26-wc0.5p0.3 0.5 0.388 

25  26-wc0.6p0.3 0.6 0.346 

26  26-wc0.5p0.2 
0.5 0.388 DP1526 

0.2 

27  26-wc0.5p0.5 0.5 

28  23-wc0.7p0.3 0.7 0.312 DP1523 

0.3 
29  24-wc0.7p0.3 0.7 0.312 DP1524 

30  25-wc0.7p0.3 0.7 0.312 DP1525 

31  26-wc0.7p0.3 0.7 0.312 DP1526 

 

Table 2: The characteristics of four types of lignosulfonate (LS) 

Characteristic DP1523 DP1524 DP1525 DP1526 
DM, % 40 40 40 40 
Mw 45700 35000 87100 6000 
Mn 2650 2650 5100 1250 
pH, 10% solution  7.8 4.4 8.2 6.8 
Insoluble, w/w % 0.03 0.67 0.01 0.5 
Reducing sugars, % 0.8 7.3 <0.5 4.1 
Calcium, % 0.4 4.6 0.03 6.6 
Sodium, % 8.8 0.4 6.1 0.2 
Chloride, % <0.05 <0.05 <0.05 0.2 
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Sulphate, % 1.5 0.4 0.5 0.2 
 

Table 3: The characteristics of Portland cement  

 

 

 

Table 4: all calculated bleeding in fast bleeding period and the first 2 h with parallel measurement results and K-C Eq.  

cement paste 

code 

Test 

method 1:  

visual 

bleeding 
fast 

initial 

bleeding 

period 1 

defined 

by 

Turbiscan 

Test method 2: Turbiscan Test method 3: HYSPT 

calculated 

bleeding rate 

by K-C Eq. 

(Eq. 1) 
average 

bleeding 

rate in 2 h 

aver. 

dh/dt in 

fast initial 

period 1 

(< nick 

point) 

average 

dh/dt in 

dismishing 

period 2 

(nick to 2 

h) 

Notes 

average 

dh/dt in 

period 

1  

average 

dh/dt in 

period 

2 
Notes 

[m/s] [m/s] [m/s] [m/s] [m/s] [m/s] 

wc0.7 1.9�10-5 0.5 2.0�10-6 3.0�10-7 calculate 

from 

7.9�10-6 2.3�10-6 calculate 

from top 
4.8�10-6 

23-wc0.7p0.3 2.6�10-5 0.5 6.4�10-7 1.8�10-7 7.8�10-6 1.4�10-6 

Composition SiO2 Al2O3 Fe2O3  CaO MgO P2O5 K2O Na2O  SO3 
Blaine 

[m2/kg] 

D50 

[µm] 

Specific 

weight 

[g/cm3] 

STD-CEM I 20.98% 5.13% 5.13% 60.61% 2.39% 0.14% 0.86% 0.43% 3.01% 382 13.3 3.15 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

24-wc0.7p0.3 2.6�10-5 0.5 1.3�10-6 1.8�10-7 Turbiscan 

without 

oil top 

setup  

8.1�10-6 2.9�10-6 pressure 

25-wc0.7p0.3 3.3�10-5 0.5 2.2�10-6 1.5�10-7 6.9�10-6 2.5�10-6 

26-wc0.7p0.3 2.5�10-5 0.5 2.2�10-6 1.5�10-7 6.9�10-6 2.9�10-6 

wc0.4 / 0.5 4.5�10-7 1.6�10-9  

calculate 

from 

Turbiscan 

with oil 

top setup 

/ / 

calculate 

from 

middle 

pressure 

1.4�10-6 

wc0.5 4.5�10-6 1.0 6.8�10-7 1.1�10-7 9.0�10-6 5.4�10-6 2.1�10-6 

wc0.6 / 1.0 9.3�10-7 7.0�10-8  / / 2.9�10-6 

wc0.7 1.9�10-5 0.5 4.8�10-6 3.6�10-7 / / 3.8�10-6 

24-wc0.4p0.3 1.4�10-6 1.0 9.5�10-7 7.0�10-7 4.8�10-6 2.9�10-6 1.4�10-6 

24-wc0.4p0.5   / / / / 3.5�10-5 / 

wc0.5 4.5�10-6 1.0 6.8�10-7 1.1�10-7 9.0�10-6 5.4�10-6 2.1�10-6 

23-wc0.5p0.3 2.5�10-6 1.0 6.1�10-7 8.2�10-8  6.5�10-6 3.2�10-6 2.1�10-6 

24-wc0.5p0.3 4.3�10-6 1.0 4.8�10-7 9.3�10-8  8.0�10-6 3.9�10-6 2.1�10-6 

25-wc0.5p0.3 5.6�10-6 / / / 6.4�10-6 2.7�10-6 2.1�10-6 

26-wc0.5p0.3 5.8�10-6 1.0 8.0�10-7 1.4�10-7 5.3�10-6 3.2�10-6 2.1�10-6 

23-wc0.5p0.5 4.8�10-6 0.5 0.0 2.1�10-7 7.1�10-7 4.0�10-7 2.1�10-6 

24-wc0.5p0.5 1.1�10-7 / / / / 1.0�10-5 2.1�10-6 

25-wc0.5p0.5 7.2�10-6 / / / / 2.2�10-6 2.1�10-6 

26-wc0.5p0.5 1.1�10-7 1.0 7.3�10-8 5.9�10-8  9.0�10-7 3.3�10-7 2.1�10-6 

23-wc0.6p0.3 / 1.0 7.3�10-7 9.3�10-8  / / 2.9�10-6 

24-wc0.6p0.3 1.3�10-5 / / / / 6.0�10-6 2.9�10-6 

26-wc0.6p0.3 / 1.0 6.4�10-7 1.2�10-7 / / 2.9�10-6 

 


