
Northumbria Research Link

Citation: Jamali,  Armin, Mendes, Joao, Nagaratnam, Brabha and Lim, Michael (2022) A
new four  stage model  of  capillary pressure in early age concrete:  Insights from high
capacity tensiometers. Cement and Concrete Research, 161. p. 106955. ISSN 0008-8846 

Published by: Elsevier

URL:  https://doi.org/10.1016/j.cemconres.2022.106955
<https://doi.org/10.1016/j.cemconres.2022.106955>

This  version  was  downloaded  from  Northumbria  Research  Link:
https://nrl.northumbria.ac.uk/id/eprint/49942/

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners.  Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without  prior  permission  or  charge,  provided  the  authors,  title  and  full  bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder.  The full policy is
available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of  the research,  please visit  the publisher’s website (a subscription
may be required.)

                        

http://nrl.northumbria.ac.uk/policies.html


Cement and Concrete Research 161 (2022) 106955

Available online 27 August 2022
0008-8846/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

A new four stage model of capillary pressure in early age concrete: Insights 
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A B S T R A C T   

Capillary pressure is frequently measured to evaluate the shrinkage performance of concrete but has been limited 
to pressures <100 kPa preventing a better understanding of the early age factors affecting concrete durability. In 
this study, high capacity tensiometers (HCTs) were employed for the first time to investigate the behavior of 
early age concrete. The evolution of capillary pressure in Self-Consolidating Concrete (SCC) with and without 
shrinkage reducing admixture was evaluated. The results demonstrate that HCTs are capable of measuring 
capillary pressure beyond 1500 kPa. This transformative new record of capillary pressure behavior has enabled 
the development of a model for the capillary pressure in early age concrete correlated to water evaporation, self- 
desiccation, setting time, temperature, and hydration processes. This ability to quantify real-time capillary 
pressure change in concrete generates important implications for optimizing the commercial durability of SCC 
and for understanding the link between early age concrete processes and resultant mechanical performance.   

1. Introduction 

Cracks from plastic shrinkage may form in concrete during the first 
few hours of the casting, before the final setting time when the concrete 
is in a plastic or semi-plastic phase and has not gained significant tensile 
strength [1,2]. Concrete structures with a high surface-to-volume ratio 
such as pavements, airfields, bridge decks, and slabs for construction are 
more vulnerable to this phenomenon. Apart from the aesthetic consid-
eration, cracking facilitates the penetration of corrosive elements into 
the concrete and damages the steel reinforcements leading to a reduc-
tion in durability and an increase in the maintenance cost of in-
frastructures [3–6]. According to a recent report by the UK National 
Highways, more than £80 M is annually allocated to repair deteriorated 
concrete pavements in the United Kingdom alone [7]. Since shrinkage is 
an inherent characteristic of cement paste, and coarse aggregates play a 
restraining role, concrete containing a higher volume of cement and 
finer aggregates such as Self-Consolidating Concrete (SCC), Ultra-High- 
Performance Concrete (UHPC) and, more recently, 3D printing concrete 
are more prone to cracking due to the shrinkage [8–14]. 

The mechanism of plastic shrinkage has been widely investigated 
[3,6,14–19]. The volume reduction in early age concrete is made up of 
two sequential stages: vertical and horizontal deformation. The former, 
also known as concrete settlement, generally occurs immediately after 

casting when it is in its plastic phase until the initial setting time of the 
concrete. The horizontal deformation generally starts after the initial 
setting time [3,11,20]. Once the fresh concrete has been cast in a mold, 
solid particles including aggregates, fillers and cement, which are denser 
than water, settle due to the gravity and compress the porosities of 
concrete bulk. During this vertical settlement, the pore solution is 
pushed upwards and accumulates on the concrete surface, also known as 
bleeding [14,21,22]. The bleeding water forms a thin layer covering the 
top surface of the concrete. The thickness of this layer is reduced mostly 
due to water evaporation following the termination of the bleeding 
regime. When all bleeding water has been consumed, the concrete sur-
face is exposed to drying and a complex series of menisci are formed 
inside the capillary pores. Due to surface tension, negative pressure 
(capillary pressure) builds up in the interconnected pores. As capillary 
pressure evolves, tensile forces acting on the solid particles lead to a 
reduction in the volume of the concrete known as a plastic shrinkage. If 
plastic shrinkage is restrained externally or internally by steel rein-
forcement, substrates, solid particles, etc., tensile stresses are created 
that may result in cracking if they exceed the tensile strength capacity of 
the concrete [3,6,15,18,19,22,23]. 

Capillary pressure has been identified as the main cause of plastic 
shrinkage and can be determined by the Gauss-Laplace equation [19] 
(Eq. 1). 
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pc = −
2γcosθ

r
(1)  

where, capillary pressure, pc depends on the surface tension of the pore 
solution, γ (7.28 × 10− 2N/m at 293.15 K for water), contact angle of 
solid-liquid interface, θ (0

◦

for concrete–water) and the radius of 
assumed cylindrical pores, r, as shown in Fig. 1. 

Self-desiccation and evaporation are considered respectively as the 
main internal and external factors governing capillary pressure devel-
opment. Self-desiccation occurs within the concrete when the water to 
cement ratio is lower than 0.5 and capillary pressure builds up due to the 
reaction of cement with pore water during the hydration stage. Evapo-
ration is affected by environmental conditions including temperature, 
relative humidity (RH), wind velocity, and curing regime. Progression of 
cement hydration and evaporation processes reduce the radii of the 
menisci resulting in higher capillary pressure and, consequently, plastic 
shrinkage [11,19,24–26]. The use of shrinkage reducing admixture 
(SRA) is a method through which the properties of pore water such as 
surface tension, contact angle, and viscosity, are modified resulting in a 
reduction in capillary pressure and plastic shrinkage [24,27–33]. The 
curing regime is another method affecting capillary pressure by con-
trolling the environmental conditions [34]. Slowik et al. [26,35] showed 
that rewetting of the concrete surface leads to prevention of or delay in 
the build-up of capillary pressure, which may reduce the plastic 
shrinkage cracking risk. 

Monitoring the capillary pressure development in early age concrete 
holds significant potential to mitigate plastic shrinkage effects by 
guiding the development of appropriate (or preventing inappropriate) 
methods relative to the types of concrete used and relevant environ-
mental conditions. However, direct measurement of capillary pressure 
in the concrete is challenging. Therefore, indirect methods have been 
used in the past to infer the capillary pressure development. Li et al. 
[36], Huang et al. [37] Zhu et al. [38] calculated the capillary pressure 
values by measuring the pore diameters of the hardened concrete 
through mercury intrusion porosimetry (MIP) and nitrogen adsorption 
(NA) analysis. Slowik et al. [19] and Liang et al. [39] also investigated 
the relationship between the electrical resistivity, moisture distribution 
and capillary pressure rise in the concrete. However, both approaches 
are limited by underpinning assumptions, measurement accuracy, 
inferred values, experiment difficulty, and cost. Pore diameter mea-
surements are also restricted to hardened concrete i.e., not in the plastic 
or semi-plastic phase. 

Capillary pressure in the concrete has been directly measured by the 
capillary pressure sensors [11,12,19,20,26,40]. However, because of the 
low capacity of these sensors, capillary pressure measurements have 
been limited to 100 kPa, a value that is typically reached within the 
initial few hours after concrete casting. Furthermore, these sensors cease 

to operate if air entry of the porous filter is reached and cavitation occurs 
within the water reservoir or there is a blockage of the sensing face by 
cement paste [6,19,26,41,42]. Given these shortcomings, models 
developed to predict the capillary pressure value and plastic shrinkage 
cracking risks based on the evaporation rate, bleeding and settlement, 
have been limited to concrete ages of about 6 h and have not been 
validated for longer periods or higher capillary pressures 
[6,11,14,19,20,40,42]. This is an important limitation because the hy-
dration rate and self-desiccation of cement occurring after 6 h of con-
crete age are at their highest, causing higher capillary pressures due to 
the self-desiccation, a process demonstrated by Lura et al. [43] and 
Poole [44]. Therefore, the capillary pressure values and the proportions 
of its constituent factors including self-desiccation and evaporation need 
to be determined during this period in order to develop suitable methods 
for controlling the plastic shrinkage cracking. Since capillary pressure 
and its resulting stresses build up in the plastic phase and potentially 
continue in the semi-plastic and hardened phases of concrete, tracking 
the capillary pressure for longer periods can explain/reveal how stresses 
evolve in the phase transition zones i.e., from the plastic shrinkage to the 
drying shrinkage [45]. 

High capacity tensiometers (HCT), initially developed by Ridley and 
Burland at Imperial College London, are devices employed to directly 
measure the capillary pressure values up to 2000 kPa in soil [46]. HCTs 
comprise of a ceramic porous filter with an air entry value (AEV) of 
1500 kPa, a small water reservoir with a volume of about 3 mm3, and a 
pressure transducer with a working similar pressure range of the AEV of 
the ceramic filter, contained within a stainless steel cylindrical vessel 
(Fig. 2). Although each component could affect the performance of the 
HCT, the ceramic filter plays the most significant role. The maximum 
measurable value of the pore pressure depends on the air entry value of 
the ceramic filter, which is inversely proportional to its largest pore 
diameter. To be operational, the HCT ceramic filter and water reservoir 
need to be fully saturated with deionized deaired water to measure the 
capillary pressure properly. This is achieved by pre-pressurizing the HCT 
with pressure controllers, using deionized deaired water at pressures 
equal to or greater than the AEV of the ceramic filter [47–49]. 

Although HCTs are commonly used to study the hydromechanical 
behavior of unsaturated soils, their application to directly measure the 
capillary pressure in concrete has not been previously investigated. The 
use of HCTs to directly monitor the capillary pressures in concrete 
through early age phases has the potential to provide a step-change in 
research and innovation for construction processes. In this study, the 
applicability of HCTs to concrete condition monitoring has been inves-
tigated. HCT performance under a wide range of capillary pressure 
values and different curing conditions has been evaluated for SCC with 

Fig. 1. A schematic view of capillary pressure due to formation of menisci.  
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Fig. 2. A schematic view of high capacity tensiometer and its components.  
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and without SRA. The results have highlighted previously undocu-
mented stages in early age concrete development and have been used to 
propose a new model for the evolution of capillary pressure in early age 
concrete. The model proposes different stages based on the changes in 
the rate of capillary pressure development in different states of early age 
concrete including plastic, semi-plastic and hardened phases. In this 
study, determination of bleeding, setting time, mass loss, temperature, 
hydration degree and microstructure investigation, have been con-
ducted on fresh and hardened concrete to explain the change in the 
evolution of capillary pressure in different stages. 

2. Experimental program 

The ability of HCTs to quantify capillary pressure development 
within mixes with and without SRA under different curing times (8 and 
16 h) and without curing have been investigated. In each experiment 
bleeding, concrete setting times, and capillary pressure along with mass 
loss and temperature were measured. Isothermal calorimetry tests were 
also carried out to monitor the hydration process of cement during the 
experimental program. Furthermore, a time-lapse camera recorded the 
physical changes visible on the concrete surface during the tests and the 
changes in porosity of SCC was investigated by Scanning Electron Mi-
croscope (SEM). 

2.1. Materials and mixture compositions 

A high strength cement (Type I) with 52.5 N produced by the Hanson 
(Middlesbrough, UK) conforming to the requirements of EN 197-1 [50] 
and BS 8500-2 [51] was used in this study. The chemical, physical, and 
mechanical properties of cement provided by the manufacturers, are 
presented in Tables 1 and 2. Crushed gravel from the Wensley quarry 
(Leyburn, UK) with the maximum nominal grain size of 14 mm was used 
as a coarse aggregate. Two types of sands, including silica sand from the 
Cheviot quarry (Wooler, UK) and rock sand from the Harden quarry 
(Rothbury, UK) with a size range of 0 to 4 mm, were used as fine ag-
gregates. The properties of the aggregates used are shown in Table 3. A 
polycarboxylic ether-based superplasticizer was used to increase flow 
ability of SCC. Mapecure SRA-25, produced by MAPEI S. p. A., was used 
as shrinkage reducing admixture. The properties of SRA are shown in 
Table 4. 

Table 5 shows the mixture compositions of SCC with and without 
SRA. The letters “C” and “S” refer to the control mixes and the mixes 
with SRA, respectively, and the codes 0 h, 8 h and 16 h refer to duration 
of sealed curing time in hours. The cement content and water to cement 
ratio were 480 kg/m3 and 0.4, respectively. The volumetric portions of 
cement and aggregates were identical for all mixes. To prepare the 
mixes, dry aggregates were premixed for 2min in a Mini 130 Altrad Belle 
mixer. Afterwards, the cement was added to the aggregates and mixing 
continued for 2min. Three quarters of the mixing water and super-
plasticizer (and SRA) were then added gradually to the mixture and 
mixing continued for 3 min. The materials stuck to the inner walls of the 
mechanical mixer were then added to the mixture by scraping while the 
remaining water was also added, and mixing resumed for another 2 min. 
The workability of mixes was measured according to BS EN 12350-8 
[52]. The time to reach 500 mm diameter (T500) and the final diam-
eter are 4 s and 620 mm respectively. To measure the specific gravity of 
the SCC, a steel cylinder mold with dimensions of 100 × 200 mm was 
filled with the fresh SCC and weighed. The density of the fresh mixes was 
determined to be 2367 kg/m3. 

2.2. Capillary pressure 

In this study, 6 HCTs specifically developed for testing early age 
concrete were designed and assembled at Northumbria University. 
These new sensors were employed to measure the capillary pressure of 
the mixes, as shown in Fig. 3. These new HCTs consists of a 1500 kPa 
AEV ceramic filter, 50 mm3 water reservoir and a thermally compen-
sated (in the range of 16 to 71 

◦

C) Omega PX61V1 pressure transducer 
with a pressure range of 2000 kPa or 6000 kPa. Prior to use, the HCTs 
were kept inside stainless steel saturation vessels pressurized with 
deaired deionized water at 3 MPa, using a 4 MPa pressure-volume 
controller from GDS instruments Ltd. (Fig. 4). During testing, three 
HCTs were removed from the saturation vessel 2 h before the start and 
put immediately in deionized water to prevent cavitation and to reset 
the pressure reading to 0 kPa. A protective tube with a similar diameter 
to the HCT (25 mm) and a height of 100 mm was placed on the top of 
each HCT and sealed with electrical tape to avoid penetration of water 
into the electrical parts of HCT during the test. Measurement of capillary 
pressures with HCTs is achieved by placing the HCT in contact with a 
porous material (soil, concrete, etc.). When the ceramic filter is in 
contact with the pore water in the porous material, the pore pressure 
will draw the water out from the filter and the HCT reservoir as a result 
of the pressure difference. This depressurization leads to a deflection of 
the membrane connected to the strain gauge in the HCT that will 
continue until equilibrium. When the capillary pressure exceeds the 
working range of the HCT, cavitation occurs through the emergence of 
air bubbles inside the water reservoir, which can be detected by a sud-
den drop in the measured capillary pressure to about 100 kPa of relative 
pressure (0 kPa absolute pressure at sea level) [47–49]. 

After casting the 100 mm cubic specimens, the samples were trans-
ferred to a controlled environment with a temperature of 22± 2 

◦

C and 
relative humidity of 50 ± 4 %. Each HCT was placed in the center of a 
cubic sample to a depth of 50 mm and connected to the data logger 
system recording capillary pressure values at 5 s intervals. To measure 
the change in the internal temperature of the concrete specimens, a K- 
type thermocouple was embedded at a depth of 50 mm in each sample, 

Table 1 
Chemical composition of cement (%).  

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O Cl C3S C2S C3A C4AF Insoluble residue 

19.78 4.80 2.84 64.75 1.18 3.14 0.57 0.24 0.05 63.8 11.9 8.6 6.5 0.63  

Table 2 
Physical and mechanical properties of cement.  

Specific 
surface 
(m2/kg) 

Density 
(kg/m3) 

Normal 
consistency 
(%) 

Initial 
setting 
time (min) 

Compressive 
strength at 28 days 
(MPa) 

420 3100 28 170 59.5  

Table 3 
Properties of aggregates.  

Aggregates Quarry Maximum size 
(mm) 

Specific gravity 
(SSD) (g/cm3) 

Water 
absorption (%) 

Gravel Wensley  14  2.59  0.5 
Silica sand Cheviot  4  2.54  1.7 
Rock sand Harden  4  2.58  1.1  

Table 4 
Properties of SRA.  

Consistency Color Density (g/cm3) pH 

Liquid Light amber 1.0 ± 0.030 8 ± 1  
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recording the temperature value every 5 s. After placing the HCTs and 
thermocouples, the top surfaces of samples with 8 and 16 h curing times 
were covered with polyethylene sheets and sealed with elastic bands in 
order to prevent evaporation and to provide the determined initial 
curing condition with the relative humidity at least 95 %. To determine 
the rate of water evaporation, one of the concrete specimens was placed 
on a balance during the test and its mass loss was also recorded at in-
tervals of 5 s to an accuracy of 0.1 g. Three specimens were fabricated for 
each set of tests including capillary pressure, temperature and mass loss, 

and the calculated average was reported as the final results. A schematic 
view and a picture of the test are illustrated in Fig. 5. 

2.3. Bleeding 

The bleeding tests were conducted according to ASTM C232 [53]. To 
provide a similar condition to the capillary pressure tests and to prevent 
any effect of collecting bleeding water on the capillary pressure mea-
surements, fresh concrete was placed in three cubic molds (100 mm) 
separated from the capillary pressure samples. Specimens were wrapped 
with a polyethylene sheet to prevent evaporation and placed in the same 
environmental condition at a temperature of 22 ± 2 

◦

C and relative 
humidity of 50 ± 4 %. The tests were carried out on a leveled surface 
free of any vibrations. To draw off the bleeding water, samples were 
uncovered at the time of collection and accumulated water on the top 
surface of the specimens was collected by a pipet at intervals of 10 min 
during the first hour after casting. Afterward, the measurement was 
continued every 30 min until bleeding of water stopped. A plywood 
block with a thickness of 30 mm was also placed under the corner of a 
sample at 2 min before each collection time to facilitate the accumula-
tion of water. 

2.4. Setting time 

The initial and final setting times of the mixes were determined 
based on penetration resistance in accordance with ASTM C403 [54]. To 
obtain the mortar representative of the studied mixes, fresh concrete was 
passed through a 4.75 mm sieve and cast in three cylindrical molds 
(height 50 mm and diameter 110 mm). Specimens were placed in the 
same environmental condition (at a temperature of 22 ± 2 

◦

C and 
relative humidity of 50 ± 4 %) and those with 8 and 16 h curing time 
were covered with polyethylene sheet. Two hours after adding the water 
to the mixture (cement), the tests to determine the initial setting time 
were conducted and continued at intervals of 30 min until the final 
setting time. The initial and final setting times were defined when the 
needle penetrated 25 mm into the mortar within 10 s under pressures of 
3.5 MPa and 27.6 MPa, respectively. 

2.5. Isothermal calorimetry test 

The isothermal calorimetry method is used to quantify the devel-
opment of cement hydration which is also known as the hydration de-
gree. The values usually range between 0 (no hydration) and 1 showing 
the completed hydration process [44]. Given that the reaction of cement 
with water is an exothermal process, hydration degree might be pro-
portional to the heat flow [55]. The hydration degree at time t is 
considered the ratio of amounts of heat developed up to the time t to the 
total heat expected, as indicated in Eq. 2 [56–58]: 

α(t) =
H(t)

HCem
(2)  

where: α(t) = degree of hydration, H(t) = the amount of heat which has 
been evolved up to time t (J/g), and HCem = the total amount of heat 
which is available (J/g). 

Table 5 
Mixture composition of concrete.  

Mix 
code 

Curing time 
(h) 

Cement (kg/ 
m3) 

Water (kg/ 
m3) 

Gravel (kg/ 
m3) 

Coarse sand (kg/ 
m3) 

Fine sand (kg/ 
m3) 

SRA, weight of cement 
(%) 

Super-plasticizer (kg/ 
m3) 

C-0 h  0  480  192  795  265  668  0  2.3 
C-8 h  8  480  192  795  265  668  0  2.3 
C-16 h  16  480  192  795  265  668  0  2.3 
S-0 h  0  480  192  795  265  668  1.5  2.3 
S-8 h  8  480  192  795  265  668  1.5  2.3 
S-16 h  16  480  192  795  265  668  1.5  2.3  

25 mm

Fig. 3. HCT used in this study.  

Connected to the 
Data Logger System

Connected to 
Pressure Controller

Fig. 4. HCTs under 3 MPa water pressure in the steel vessels.  
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In this study, the isothermal calorimetry method was used to mea-
sure the heat developed during the test due to cement paste hydration, 
H(t). Calorimetry measurement was performed on 4.2 g of cement paste 
including 3 g of cement and 1.2 g of water (w/c = 0.4). Three glass 
ampoules were filled with the cement paste and placed in the micro-
calorimeter (TAM air, TA Instruments) with a fixed temperature of 20 
◦

C. The heat flow was recorded with intervals of 5 s for 24 h. 
The total amount of heat due to hydration of cement, HCem, at α = 1 is 

a function of chemical compositions of used cement which can be 
calculated by Eq. 3 [59]: 

HCem = 500 • PC3S + 260 • PC2S + 866 • PC3A + 420 • PC4AF + 624

• PSO3 + 1186 • PFreeCa + 850 • PMgO (3)  

where Pi is the portion of each component (%) in cement presented in 
the Table 1. 

2.6. Time-lapse monitoring 

To achieve conformity between the period of each state determined 
by the experimental program and changes in the surface of concrete, a 
time-lapse camera was employed. To monitor the change in the surface 
of the specimen exposed to drying, a time-lapse camera was installed on 
top of the sample. A Canon Rebel XS (1000D) camera with a resolution 
of 10.5 megapixels as set to capture the top surface of the sample in 
macro mode and set to take a snapshot at an interval of 15 min. 

2.7. SEM imaging 

To investigate the effect of curing duration on the capillary pressure, 
the microstructure of SCC including the determination of pore diameter 
distribution and hydration products were investigated by scanning 
electron microscope, Oxford Instruments. After 24 h from casting, small 
samples with dimensions of 10 mm were cored from the capillary 
pressure cubic specimens. Since samples need to be electrically 
conductive for SEM imaging, they were coated with copper tapes, silver 
solution and platinum, and were immediately placed in the chamber of 
microscope. 

3. Results and discussion 

3.1. Validation of HCTs' results 

To evaluate the repeatability and consistency of the results obtained 
by different HCTs, 6 cubic samples were fabricated from the same 
concrete batch and each HCT was used to measure the capillary pressure 
of each sample separately. All samples were under 16 h sealed curing (C- 
16 h) and the same environmental conditions as mentioned previously. 

The capillary pressure evolution recorded by the HCTs, presented in 
Fig. 6, shows that HCTs are capable of measuring both types of pore 
pressure (positive pore pressures, also known as hydrostatic, and 
negative pressures or capillary pressure). The start of the measurement 
of the evolution of pore pressure coincides with the installation of the 
HCTs in the concrete samples. The build-up of capillary pressure of all C- 
16 h specimens started in a short period (about 20 min) from t = 4.6 to t 
= 4.9 h after casting and the evolution of capillary pressure was moni-
tored until the HCTs were not able to monitor further capillary pressure, 
i.e., cavitation occurred in the HCTs as aforementioned. Although the 
cavitation time of HCTs varied between 15 and 19 h, the capillary 

(a) (b)

Connected to the 
Data Logger System

Protective Tube

HCT

Concrete

Thermocouple 
Sensor

Mold

Scale

100 mm

50 mm

Fig. 5. (a) A schematic view and (b) an actual image of the capillary pressure test specimen under curing condition.  
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Fig. 6. Capillary pressure value of the C-16 h measured by 6 different HCTs.  
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pressure measured by all HCTs showed similar trends and values over 
the monitoring period. It is worthwhile to mention that the difference in 
cavitation time of HCTs is possibly related to the relocation of existing 
air bubbles in the ceramic filter, resulting in cavitation at higher or 
lower values than the nominal air entry value of the HCT ceramic filter 
[47–49]. The average linear rate of capillary pressure evolution during 
the test was − 111 kPa/h and the standard deviation was 7.59 kPa/h, 
which is 7 % of the average rate. This validates the novel application of 
HCTs for monitoring the evolution of capillary pressure in early age 
concrete. Furthermore, the results of capillary pressure evolution in 
separate identical specimens indicate that the gradient of capillary 
pressure evolution might be considered as a property of mixes at the 
same depth regardless of the size and distribution of pores. 

Moreover, as illustrated in Fig. 6, it is interesting to mention that the 
capillary pressure values, measured by each HCT placed at the same 
depth in each separate specimen, are almost similar (±5 % of average 
value). These results suggests that the diameter of the HCT ceramic filter 
(15.2 mm) is large enough as to contact the nearly whole range of 
interconnected pores enabling the measurement of the existent pore 
pressure in the concrete. The details of the HCTs used in the experi-
mental program and obtained results are summarised in Table 6. 

3.2. Capillary pressure evolution in early age concrete model 

The evolution of capillary pressure in the control mix without curing 
is shown in Fig. 7. Four distinct stages can be identified based on the 
gradient of the capillary pressure evolution measured by the HCTs. 
Interpretation of these stages was based on the correlation of capillary 
pressure evolution with mass loss, internal temperature, and hydration 
degree, illustrated in Fig. 7 and Fig. 8 respectively, and the qualitative 
information from the time-lapse imagery. 

3.2.1. Stage 1 
From casting to the initial setting time (t = 2.5 h) and consequently 

the end of the bleeding phase (t = 2.75 h), no capillary pressure was 
observed in the SCC. During this time, the surface of the samples was 
covered by a thin layer of water during the settlement as shown in 
Fig. 9a, preventing the formation of menisci and capillary pressure due 
to evaporation. As can be seen in Fig. 8, the hydration of the cement 
paste was dormant and the degree of hydration was α(t=2.75) = 0.7%, 
resulting in a lack of self-desiccation and, in turn, capillary pressure. 
During this stage, sustained solid particles in the pore water applies 
gravitational forces to the water resulting in a positive (hydrostatic) 
pressure of about 40 kPa in the pore water. Similar results were reported 
by Schmidt and Slowik [41] and Ghourchian et al. [60]. Eq. 4 de-
termines the hydrostatic pressure undergone by pore fluid due to the 
self-weight of the solid particles when bleeding stops [21]. 

ψp = ρf g(h − z) (4)  

where ψp is the potential of pore fluids' pressure (Pa), ρf is the specific 
weight of the pore fluid (kg/m3), g is the acceleration of gravity (m/s2), h 
is the height of the sample (m) and z is the distance to the bottom of the 
sample (m). 

3.2.2. Stage 2 
A reduction in the thickness of the thin water layer (Fig. 9b) 

following bleeding stop results in a series of menisci in the pores close to 
the concrete surface resulting in the development of capillary pressure, 
see Fig. 7. With increasing mass loss due to evaporation, the curvature of 
the menisci increases leading to increase of capillary pressure values at a 
rate of − 33.5 kPa/h until the final setting time of concrete at t = 5 h (as 
shown in Fig. 9c). In this period, because of the low hydration degree, 
α(t=5) = 2.6%, evaporation is the dominant factor for the change in 
capillary pressure. A similar trend was observed in this timeframe in 
previous studies [11,14,19,40,41,60]. 

3.2.3. Stage 3 
After the final setting time of the SCC (t = 5 h), water curvature 

increased leading to the development of capillary pressures at a higher 
rate of about − 74.3 kPa/h. The rate of temperature change (Fig. 7) and 
heat flow (Fig. 8), which are proportional to the degree of hydration of 
the cement paste, continued to increase with a slightly steeper rate up to 
t = 10.7 h. The degree of hydration at the end of this stage, α(t=10.7), was 
determined about 13.5 % indicating higher self-desiccation. The water 
loss due to self-desiccation and evaporation led to capillary pressure 
falling at a steeper rate compared to the previous stage. 

3.2.4. Stage 4 
When the internal temperature evolution of SCC leveled off before 

the highest point (about 23 
◦

C at 10.7 h), the rate of heat flow reached its 
peak. Afterward, although the rate of heat flow reduced slightly up to t 
= 18 h, it still experienced a high rate resulting in an increase in degree 
of hydration from α(t=10.7) = 13.5 % to α(t=18) = 26.5 % (as seen in Fig. 7 
and Fig. 8 respectively). An increase in hydration processes in this stage 
lead to a greater level of self-desiccation (Figs. 7 and 9d). Self- 
desiccation appears to be the dominant factor of capillary pressure 
evolution in this stage, as the rate of mass loss reduced about 30 % 
compared to Stage 3. The capillary pressure developed at a higher rate of 
about − 173.4 kPa/h during this period in comparison with the previous 
stage. As a result, concrete undergoes more critical loss of water and 
further desaturation degree of the pores. 

3.3. The effect of curing time on the capillary pressure 

3.3.1. SCC without SRA 
The effect of duration of sealed curing on the capillary pressure, mass 

loss and temperature of SCC without SRA are shown in Fig. 10 and 
Fig. 11, respectively. Following the proposed conceptual model in Sec-
tion 3.2, all mixtures experienced a positive hydrostatic pressure up to 
the end of bleeding phase at around t = 3 h, i.e., in Stage 1, and no 
capillary pressure was observed because of the bleeding regime while 
pores remain fully saturated. 

In the second stage, capillary pressure built-up was observed for C-0 
h around the final setting time (t = 5 h) due to evaporation of water and 
the start of pore desaturation. Whereas, for mixes with 8 h and 16 h 
curing durations, capillary pressure remained unchanged until their 
final setting time (t = 4.75 h). The observed difference in capillary 
pressure build-up after the bleeding regime had ceased in mixes with 
sealed curing time (C-8 h and C-16 h) can be attributed to the devel-
opment and entrapment of moisture between the top surface of the 
samples and polyethylene sheet (resulting in an environment close to 
100 % of relative humidity), which coupled with the negligible degree of 
hydration, resulted in the prevention of capillary pressure build-up 
during Stage 2. 

In the third stage, capillary pressure in all mixes developed at a 
similar rate of about − 70 kPa/h up to t = 8 h. At the start of this stage, 
the capillary pressure value of C-0 h was twice as high as that of C-8 h 
and C-16 h because of the earlier exposure to drying which led to a 
higher loss of capillary water, which also explains the significant dif-
ference between the rate of mass loss of mixes with and without sealed 

Table 6 
The properties of high capacity tensiometer used in this study.  

HCT Pressure transducer 
range (kPa) 

AEV of ceramic 
filter (kPa) 

Maximum measured 
capillary pressure (kPa) 

HCT 1  2000  1500  − 1804 
HCT 2  2000  1500  − 1811 
HCT 3  2000  1500  − 1994 
HCT 4  6000  1500  − 1882 
HCT 5  2000  1500  − 1519 
HCT 6  6000  1500  − 2026  
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curing, as illustrated in Fig. 11a. The fact that an identical capillary 
pressure rate was initially observed in all mixes suggests that another 
factor contributed to capillary pressure development in the absence of 
mass loss due to evaporation in mixes with sealed curing. The capillary 

pressure development observed in mixes with sealed curing could be due 
to self-desiccation as a result of which these mixes experienced a similar 
evolution rate to the mix without curing in this period. In fact, by 
increasing the curing duration, the rate of temperature change increased 
from 0.88 ◦C/h to 1.93 ◦C/h (about 120 %) between t = 5 h and 8 h, as 
shown in Fig. 11b. Given that the rate of temperature change is pro-
portional to the heat flow, this increase resulted in a higher degree of 
hydration and consequently self-desiccation for the mixes with curing in 
this period [61]. Furthermore, as shown in Fig. 11b, the C-8 h and C-16 h 
mixes experienced the peak of the heat flow earlier and at higher values 
than the C-0 h mix leading to the higher self-desiccation to be longer in 
duration. For the C-8 h mix, after 8 h, i.e., termination of sealed curing, 
the capillary pressure developed with a steeper rate until around t = 9.3 
h, which is hypothesized to be the result of the couple effect of higher 
self-desiccation and further drying that the mixes endure during Stage 3 
[62]. On the other hand, the capillary pressure of C-16 h continued with 
the same rate until around t = 10.2 h, i.e., peak of temperature. 

In the fourth and last stage, the capillary pressure of mixes with 8 h 
and 16 h curing durations evolved with a similar rate of about − 208 
kPa/h, which was higher than that of C-0 h mix (− 173.4 kPa/h) until t =
16 h. At t = 16 h, the value of capillary pressure for the C-8 h mix was 
− 1781 kPa, which was higher than that of C-16 h (− 1556 kPa). The 
higher self-desiccation in C-16 h, due to a longer curing duration, 
contributed for the rate of capillary pressure development of C-16 h mix 

(a)

(b)

Stage 1 Stage 2 Stage 3 Stage 4

Bleeding Stop
Initial Setting Time

Final Setting Time

Non-Hydrated 
Cement Particle

Water

Aggregate

Formation 
of Menisci

Increase in 
Water Curvature

Unsaturated 
Pore

Hydrated 
Cement Particle

Stage 1 Stage 2 Stage 3 Stage 4

Fig. 7. (a) The correlation between capillary pressure behavior, mass loss, internal temperature, bleeding, initial and final setting time of SCC without curing, (b) 
Schematic stages of capillary pressure evolution. 

t = 9.36
Peak

Heat Flow = 2.83

Fig. 8. The rate of heat and cumulative heat evolved per gram of cement with 
w/c = 0.4 at 20 

◦

∁. 
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to be similar to the C-8 h, even in the absence of mass loss due to drying. 
The observed difference between the capillary pressure value of the C-8 
h and C-16 h at t = 16 h, was the result of the amount of capillary water 
available. While in the C-8 h mix, the capillary water dried out due to 
shorter curing period, in the C-16 h mix, capillary water remained in the 
pores that progressively changed to chemically and physically bounded 
water [55]. The longer curing duration in the C-16 h mix also resulted in 
an increase of the specific surface of the hydrated cement particles as 

indicated in Fig. 12a which led to higher adsorption of capillary water. 
By increasing the thickness of physically bound water, the value of 
disjoining pressure also increases resulting in the compensation of the 
capillary pressure [55,63]. 

As shown in Fig. 10, comparatively with the mix without curing (C-0 
h), the capillary pressure value and rate for the C-16 h mix were higher. 
The observed difference can be attributed to the increased proportion of 
hydrated cement particles, i.e., higher self-desiccation, for the C-16 h 
mix along with the resulting finer pore size distribution. As it can be 
observed, comparing Fig. 12a and b it is evident that the longer curing 
duration resulted in a finer pore size distribution for the mix with longer 
curing time (C-16 h), where a reduction of about 30 % of pore diameter 
was observed corroborating the obtained results reported by Samouh 
et al. [55] and Oliveira et al. [10]. Furthermore, the resulting finer pore 
size distribution also reduced the permeability within the concrete 
impeding the distribution of water in unsaturated pores leading to the 
development of further critical capillary pressure, particularly due to 
self-desiccation. 

The statistical significance of the obtained results presented in 
Fig. 10 was evaluated through Friedman and Kruskal-Wallis tests in each 
stage of the plots using the GraphPad 9.3.1 program. The results indicate 
that in most stages the results between the control mixes including (C-0 
h vs. C-8 h, C-0 h vs. C-16 h, C-8 h vs.C-16 h) are statistically significant 
with P-values lower than 0.0001. The only observed exception was with 
the C-0 h vs. C-16 h in Stage 2 where the Friedman test shows that the 
results were evaluated as non-significant. Although the results for C-0 h 
and C-16 h in Stage 2 are different in value, the obtained average is 
similar for this period resulting in the Friedman test to evaluate the 
obtained results as being non-significant. Further details for the different 
stages of capillary pressure evolution in SCC under different curing 
durations are presented in Table 7. 

3.3.2. SCC with SRA 
The effect of curing duration on the capillary pressure evolution, 

(a) Stage 1 (b) Stage 2

(c) Stage 3 (d) Stage 4

Plastic Phase Semi-Plastic Phase

Hardened Phase Hardened Phase

Fig. 9. (a) The change in the surface of the samples at the start of each stage, t = 0 h Stage 1, (b) t = 2.75 h Stage 2, (c) t = 5 h Stage 3, and (d) and t = 10.7 h Stage 4.  

*   The start of Stage 4 for the C-8h mix.

** The start of Stage 4 for the C-16h mix.
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Fig. 10. The effect of curing duration on the capillary pressure of SCC 
without SRA. 
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mass loss and temperature of SCC with 1.5 % dosage of SRA is illustrated 
in Fig. 13 and Fig. 14. The results indicate that the use of 1.5 % of SRA 
reduced the values of capillary pressure by about 70 %. The surfactant 
particles of the SRA reduced the surface tension of the pore water 
resulting in a significant reduction in capillary pressure of concrete at an 
early age [29]. Overall, unlike the control mixes, the capillary pressure 
rates and values of SCC containing SRA were reduced by longer curing 
duration up to the age of 18 h. All mixes experienced hydrostatic 

pressure of 30 kPa in the first stage up to t = 3.5 h. Afterwards, the 
capillary pressure of the S-0 h mix increased at the rate of − 10 kPa/h 
because of the higher rate of evaporation (as seen in Fig. 14a). The mixes 
with sealed curing, continued to experience a positive pressure in the 
second stage up to t = 5 h due to the prevention of evaporation and low 
hydration degree. As indicated in Fig. 14b, SRA reduced the rate tem-
perature rise which is proportional to the evolution of heat flow. Indeed, 
SRA contributed to the reduction in the alkalinity of the pore solution 

(a) (b)
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Fig. 11. (a) The effect of curing duration on mass loss, and (b) temperature of SCC without SRA.  

(a) (b)

Hydrated 
Particles Non-Hydrated 

Particles

Fig. 12. (a) SEM images showing the microstructure of SCC including cement particles and pores for C-16 h, and (b) C-0 h at the age of 24 h after casting.  

Table 7 
Details of the different stages in capillary pressure of SCC under different curing durations.*, **  

Mix code Bleeding termination (h) Setting time (h) Maximum temperature Starting time of stages (h) 

Time St.dev. Initial St.dev. Final St.dev. Value (
◦

C) Time (h) Stage 2 Stage 3 Stage 4 

C-0 h  2.75  0.35  2.5  0.2  5  0.3  23.4  11.9 2.76  5  10.7 
C-8 h  2.75  0.35  2.25  0.35  4.75  0.28  27.4  8 –  4.8  9.3 
C-16 h  2.75  0.35  2.25  0.35  4.75  0.28  29.9  11.1 –  4.8  10.2 
S-0 h  3.25  0.2  3  0.35  5.25  0.2  24.3  14.14 3.5  5  13 
S-8 h  3.25  0.2  2.75  0.2  5  0.33  24.4  12.18 –  5.1  11 
S-16 h  3.25  0.2  2.75  0.2  5  0.33  30  13.5 –  5.1  11.5  

* The time presented in the table is considered after casting. 
** Since the bleeding, initial and final setting time were terminated before 8 h, their results are identical for mixes with 8 and16 h curing time. 
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and could reduce the hydration process and self-desiccation in the SCC 
[64]. 

The third stage started for all mixes around t = 5 h in which capillary 
pressure of S-0 h evolved with the higher rate of about − 35 kPa/h up to t 
= 13 h due to the coupling effect of evaporation and self-desiccation. 
Similar to the capillary pressure behavior of control mixes in Stage 3 
up to t = 8 h, S-0 h experienced a higher capillary pressure value than the 
mixes with sealed curing due to earlier exposure of drying. The capillary 
pressure of mixes with sealed curing also developed with the steeper rate 
of about − 12 kPa/h due to a higher hydration degree than the previous 
stage up to t = 8 h. After the termination of sealed curing for S-8 h, this 
mix underwent a lower capillary pressure value but at a similar rate 
(− 40 kPa/h) relative to the S-16 h mix up to around t = 11 h, when the 
temperature leveled off for the S-8 h mix. Previous studies showed that 
the performance of SRA depends on the concentration of SRA in the 
pores which is related to the pore dimension and its saturation degree 
[10,31,33]. Rahoui et al. [33] reported that the SRA has better perfor-
mance in the pores with the saturation degree in the range of 33 % to 77 
% because SRA cannot be adsorbed by cement paste in the saturation 
condition. These findings confirm the higher capillary pressure value of 
S-16 h relative to the S-8 h in Stage 3. In the last stage, although the rate 

of capillary pressure development in all mixes increased by about 25 % 
due to further hydration and drying, the differences between the capil-
lary pressure values remained unchanged. P-values lower than 0.0001 
for all stages obtained from the Friedman and Kruskal-Wallis tests also 
confirmed that the results of mixes with SRA including (S-0 h vs. S-8 h, S- 
0 h vs. S-16 h, S-8 h vs. S-16 h) are statistically significant. 

It is important to note that the capillary pressure values in mixes with 
and without SRA under identical curing duration show that there is a 
significant reduction of capillary pressure in SRA concrete when longer 
curing durations are used. A longer curing time and further hydration 
progress of cement paste increased the proportion and specific surface 
area of hydrated cement particles resulting in further adsorption of SRA 
molecules on pore walls. Thus, SRA forms hydrophobic paths through 
which mixes with longer curing time experience a further reduction in 
capillary pressure [33]. This finding enhances the effectiveness of SRA in 
finer and semi-saturated porosities and needs to be considered in design 
codes and construction projects to increase durability and optimize 
maintenance costs. 

4. Conclusion 

In concrete slabs, the plastic shrinkage phenomenon can lead to early 
age cracking and reduce the long-term durability of structures. Capillary 
pressure is the main cause of plastic shrinkage, monitoring it through 
early age development and determination of distinct stages and domi-
nant causes, including evaporation and self-desiccation, gives new in-
sights how plastic shrinkage might be mitigated. In light of these 
findings and to mitigate capillary pressure effects in early age concrete, 
the following conclusions and recommendations can be drawn.  

• The use of high capacity tensiometers (HCTs) is an exciting new 
method to monitor the capillary pressure values within concrete up 
to 2000 kPa, enabling the examination of processes occurring 
throughout the early age evolution. The HCT approach provides a 
step-change in the length of measurement achievable, including the 
plastic phase and the hardened phase, although this can vary 
depending on the type of concrete and environmental conditions. 
These transformative data and measurement method could be used 
as a new reference for the proposed poromechanical models to 
determine the capillary pressure in concrete and other composite 
materials.  

• When co-located within control mixes, the capillary pressure values 
measured by different HCTs were highly consistent (within 5 %), 
validating the use and reproducibility of HCTs for monitoring the 
evolution of capillary pressure in early age concrete. Regardless of 
pores' size and distribution, the results also show that the rate of 

*   The start of Stage 4 for the S-8h mix.

** The start of Stage 4 for the S-16h mix.
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capillary pressure evolution might be considered a property of 
concrete.  

• The data presented here allow the development of a new model for 
describing the evolution of capillary pressure evolution in early age 
concrete. This new four stage model, governed by bleeding and 
setting time (stages 1 and 2), evaporation (stages 2–4), and self- 
desiccation (stages 3 and 4), identifies a dominant factor in each 
stage of capillary pressure evolution. It is now possible to develop 
appropriate methods to mitigate the early age shrinkage processes 
within each stage, for instance using specific types of concrete mix 
and controlled environmental conditions. 

• After the peak of the heat flow, hydration degree developed signifi-
cantly resulting in an increased contribution of self-desiccation in 
capillary pressure build-up which needs to be considered particularly 
in mixes with high cement content and/or a W/C ratio lower than 
0.5. 

• Despite the well-established positive effects of curing on the me-
chanical properties of concrete, the results obtained demonstrate 
that a longer duration of sealed curing results in increased capillary 
pressure values of SCC without SRA. Longer curing duration in-
creases the distribution of finer porosities and hydration degree 
leading to further self-desiccation and consequently higher capillary 
pressure value. These findings enable the determination of an 
application-specific optimum curing duration based on the priority 
of durability and/or mechanical properties of SCC.  

• Using SRA reduced the capillary pressure in concrete significantly by 
modifying the surface tension of the pore solution. The results also 
indicate the improved performance of SRA due to 8 and 16 hours of 
curing times among which mix with 8 h of sealed curing experienced 
the lowest capillary pressure value confirming the better perfor-
mance of SRA in the finer and semi-saturated porosities. 
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