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Abstract. Shrinkage cracking is a prevalent failure mode in concrete structures, 
particularly those with low volume-to-surface ratios, compromising durability 
and increasing maintenance costs. Early-age concrete is more prone to shrink-
age cracking due to insufficient strength development. Capillary pressure is rec-
ognized as the primary driver of shrinkage in concrete; however, conventional 
sensors can only measure capillary pressure up to 100 kPa for approximately 
seven hours post-casting, hindering a comprehensive understanding of the rela-
tionship between capillary pressure evolution, early-age shrinkage, and cracking 
potential. This study employs a novel high-capacity tensiometer (HCT) capable 
of monitoring capillary pressure in concrete up to 2000 kPa, thereby extending 
measurement capabilities. The effects of ground granulated blast furnace slag 
(GGBS) and shrinkage-reducing admixture (SRA) on capillary pressure evolu-
tion and shrinkage cracking potential were investigated. An extensive experimen-
tal program, including measurements of settlement, free and restrained shrinkage, 
elastic modulus, and tensile strength, was conducted alongside capillary pressure 
monitoring. Results show that significant shrinkage occurs during initial and final 
setting times when concrete remains in the plastic phase, with minimal capil-
lary pressure evolution. With further development of capillary pressure, cracking 
was observed during the semi-plastic phase due to a marked reduction in strain 
capacity of concrete. The findings also indicate that although GGBS replacement 
reduces capillary pressure evolution, it is not an effective strategy for mitigating 
shrinkage cracking due to concurrent reductions in tensile strength. Notably, the 
effectiveness of SRA is inversely related to GGBS content, necessitating careful 
consideration in its application. 
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1 Introduction 

Shrinkage-induced cracking is a major cause of deterioration in concrete structures with 
low volume-to-surface ratios, such as pavements, bridge decks, and slabs-on-grade [1, 
2]. These cracks allow the penetration of corrosive agents, accelerating reinforcement 
corrosion and increasing infrastructure maintenance costs [3, 4]. Concrete shrinkage 
is categorized into plastic, autogenous, and drying shrinkage [1, 5]. Plastic shrinkage 
occurs when concrete is still in its plastic state, while drying shrinkage develops after 24 
h in the hardened phase [6, 7]. Autogenous shrinkage begins after the dormant period 
and continues as concrete hardens [5]. Although multiple factors influence shrinkage, 
capillary pressure is recognized as the dominant driving force across all types [8, 9]. 

The mechanism of capillary pressure is well understood and has been extensively 
studied [8, 10–14]. It arises from the pressure difference in dual-phase micropores (air-
liquid) and the surface tension of water, forming menisci that generate negative pressure, 
contracting pore walls and causing concrete shrinkage. This pressure can be theoreti-
cally determined using the Gauss-Laplace equation [11]. Capillary pressure is linked to 
moisture loss in different concrete phases [14, 15]. Before the final setting, evaporation 
reduces the bleeding water layer, leading to meniscus formation and capillary pressure 
buildup near the surface [11, 14, 16]. Additionally, as pore saturation decreases due to 
drying and hydration, capillary pressure further develops [14]. 

Previous limited investigations into the correlation between capillary pressure evolu-
tion, early-age shrinkage, and cracking potential in concrete have been hindered by limi-
tations in available sensors, restricting capillary pressure measurements to about 100 kPa. 
Consequently, the influence of crucial parameters such as supplementary cementi-
tious materials (SCMs) and shrinkage-reducing admixtures (SRAs), used as the main 
shrinkage mitigating strategies, on these interrelated behaviours remains significantly 
unexplored. 

Slowik et al. [11] investigated the relationship between capillary pressure and plastic 
shrinkage in mixes containing fly ash as a SCM within the initial hours of setting. Their 
findings indicated that fly ash mixes exhibited lower capillary pressure and reduced 
plastic shrinkage compared to Portland cement mixes. Additionally, they identified air-
penetrated pores during breakthrough as weak zones where cracking could initiate. 
Sayahi et al. [7, 17] developed a plastic shrinkage cracking severity model incorporat-
ing capillary pressure, bleeding, and evaporation and examined the impact of SRA on 
capillary pressure, shrinkage, and cracking potential. Their results demonstrated that 
SRA effectively lowered capillary pressure, preventing visible cracks in the early hours. 
However, both studies were confined to the initial setting phase and did not explore the 
long-term correlation between capillary pressure, shrinkage, and cracking, particularly 
in mixtures containing SCM and SRA when concrete transitions into a semi-plastic state. 

Previous studies often focus on the initial hours (up to 7 h) where capillary pressure 
measurements align with sensor capabilities, up to 100 kPa. This restricted focus prevents 
a comprehensive understanding of the capillary pressure, shrinkage, and cracking during 
the semi-plastic phase of concrete, a critical period, which can be significantly influenced 
by SCMs and SRAs, characterized by reduced strain capacity. To address this gap, this 
study investigates the effects of ground granulated blast furnace slag (GGBS) as a SCM 
and SRA on the early-age shrinkage cracking potential of concrete. A comprehensive
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experimental program was conducted, focusing on correlating these effects with the 
evolution of capillary pressure. 

2 Experimental Program 

In this research, high-capacity tensiometers were utilized within a comprehensive exper-
imental program to investigate the influence of GGBS and SRA on the evolution of cap-
illary pressure, early-age shrinkage, and the associated cracking potential in concrete. To 
enhance the understanding of the interrelationship among capillary pressure, shrinkage, 
and cracking susceptibility, additional assessments were conducted, including capillary 
pressure measurements, determination of initial and final setting times, evaluation of 
free and restrained shrinkage, as well as the determination of tensile strength and elastic 
modulus of the concrete mixtures. 

2.1 Materials 

A high-strength Type I cement (52.5 N), manufactured by Hanson (Middlesbrough, UK) 
and conforming to the specifications of EN 197–1 [18] and BS 8500–2 [19], was uti-
lized in this study. The chemical, physical, and mechanical properties of the cement, 
as provided by the manufacturer, are presented in Tables 1 and 2. GGBS, produced 
by Ecocem (Runcorn, UK), was employed as a supplementary cementitious material, 
with its chemical and physical characteristics detailed in Tables 3 and 4. The coarse 
aggregate consisted of crushed gravel with a maximum nominal size of 14 mm, sourced 
from Wensley Quarry (Leyburn, UK), possessing a saturated surface-dry (SSD) specific 
gravity of 2.59 g/cm3 and a water absorption capacity of 0.5%. Fine aggregates included 
two types of sand with a particle size range of 0–4 mm: silica sand from Cheviot Quarry 
(Wooler, UK) and rock sand from Harden Quarry (Rothbury, UK), exhibiting SSD spe-
cific gravities of 2.54 g/cm3 and 2.58 g/cm3, and water absorption capacities of 1.7% 
and 1.1%, respectively. A liquid shrinkage-reducing admixture (Mapecure SRA-25) 
produced by MAPEI, with a density of 1.0 ± 0.030 g/cm3 and a pH of 8 ± 1, was incor-
porated. Additionally, a polycarboxylic ether-based superplasticizer, manufactured by 
BASF, was utilized to enhance the flowability of self-compacting concrete (SSC). 

Table 1. The chemical composition of cement (%). 

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

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 

2.2 Mixture Compositions 

This study investigated five different SCC mix compositions, including a control mix 
without GGBS or SRA, mixtures with 20% and 40% GGBS replacement, and mixtures
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Table 2. The physical and mechanical properties of cement. 

Specific Surface 
(m2/kg) 

Density (kg/m3) Normal 
Consistency (%) 

Initial Setting 
Time (mins) 

Compressive 
Strength at 
28 days (MPa) 

420 3100 28 170 59.5 

Table 3. The chemical properties of used GGBS. 

SiO2 Al2O3 Fe 2O3 CaO MgO MnO TiO2 SO CL S2− Na2Oeqv 

36.5 10.4 0.7 42.4 8.1 0.4 0.5 0.1 0.01 0.7 0.5 

Table 4. The physical properties of used GGBS. 

Blain (m2/kg) D50 Relative Density 
(g/cm3) 

Bulk Density (g/cm3) Environmental 
Product Declaration 

450 ± 30 11/µm 2.8–3 0.9–1.2 42 kg CO2/tonne 

incorporating both 20% and 40% GGBS along with a 1.5% SRA dosage (by cement 
weight). The mix designation follows a coding system where the mix without GGBS 
or SRA is indicated as the “Control” mix, and the letters “G,” and “S” represent mixes 
containing GGBS, and mixes incorporating SRA, respectively. The numerical values 
following “G” and “S” denote the percentage of GGBS and SRA relative to the cement 
weight. The total binder content (cement + GGBS) was maintained at 480 kg/m3, with 
a fixed water-to-cement ratio (w/c) of 0.4. The detailed composition and properties of 
the concrete mixtures are presented in Table 5. 

Table 5. Properties of mix compositions. 

Mix 
code 

Cement 
(kg/m3) 

GGBS 
(kg/m3) 

Water 
(kg/m3) 

Gravel 
(kg/m3) 

Coarse 
Sand 
(kg/m3) 

Fine 
Sand 
(kg/m3) 

SRA, 
(kg/m3) 

Super-plasticizer 
(kg/m3) 

Control 480 0 192 795 265 668 0 2.3 

G20 384 96 192 795 265 668 0 2.3 

G40 288 192 192 795 265 668 0 2.3 

G20S1.5 384 96 192 795 265 668 7.2 2.3 

G40S1.5 288 192 192 795 265 668 7.2 2.3
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2.3 Capillary Pressure Measurement 

To monitor the capillary pressure evolution in concrete, high-capacity tensiometers 
(HCTs) developed and assembled at Northumbria University were used. Unlike tra-
ditional sensors (limited to -100 kPa), HCTs rely on the air entry value (AEV) of the 
ceramic and full saturation with deionized, deaired water to measure capillary pressures 
beyond -100 kPa. Proper saturation is crucial, as any air bubbles compromise sensor 
functionality at higher pressures. 

Capillary pressure is measured based on the equilibrium between the concrete pore 
pressure at the ceramic filter interface and the internal water pressure within the fully 
saturated HCT. The minimal thickness of the ceramic filter (6.5 mm) and water reservoir 
(0.5 mm) ensures efficient pressure transmission with negligible gradients. Sensors were 
vertically positioned at a depth of 50 mm in 100 mm concrete cubes (Fig. 1). 

Before embedding, the required insertion depth was marked, and sensors were gently 
placed to ensure positioning within ±2 mm. Capillary pressure recording began upon 
contact between the HCT water and concrete pore water. Data were logged every 5 s until 
cavitation, identified by a sudden pressure jump, signalled the termination of monitoring. 
Further details on HCT design and preparation can be found in Mendes et al. [20, 21] 
and Jamali et al. [14, 15, 22]. 

2.4 Setting Time 

The setting time of concrete plays a crucial role in governing the bleeding process and 
is directly correlated with the development of capillary pressure. Therefore, to further 
evaluation of the capillary pressure test results, the initial and final setting times of the 
mixes were determined using the penetration resistance method with a Vicat needle, in 
accordance with ASTM C403 [23]. 

Since this test requires the exclusion of coarse aggregates, the fresh concrete was 
sieved through a 4.75 mm sieve and subsequently poured into three cylindrical moulds 
with a diameter of 110 mm and a height of 50 mm. The specimens were then placed in 
a controlled environment with a relative humidity of 50 ± 5% and a temperature of 23 
± 2 °C. As per ASTM C403 [23], the initial and final setting times were defined as the 
times at which the needle penetrated 25 mm into the sample within 10 s under an applied 
pressure of 3.5 MPa and 27.6 MPa, respectively. The first penetration test was conducted 
two hours after water was added to the cement, with subsequent tests performed at 30-min 
intervals until both the initial and final setting times were determined. 

2.5 Free Shrinkage 

To assess early-age volume contraction in fresh concrete, including horizontal and ver-
tical displacements within the first 24 h after casting, a GoCator 2350A-3R01 laser 
scanner (LMI Technologies Inc.) was used. The laser, mounted on an aluminium gantry 
with four wheels and connected to a laptop, power supply, and encoder, is shown in 
Fig. 2.
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Fresh concrete was cast in three prismatic moulds (75 × 75 × 285 mm), with six 
lightweight pins placed on the surface to track movement due to contraction. Addition-
ally, eight fixed reference pins were positioned on the mould walls for scan alignment 
during photogrammetry analysis. 

Immediately after casting, specimens were stored at 22 ± 2 °C and 50 ± 4% relative 
humidity. The first scan, serving as the reference, was performed using the GoCator. To 
ensure high accuracy, a scanning interval of 0.141 mm was selected, yielding a frame 
rate of 198.719 Hz, meaning approximately 198 laser rays were emitted per 0.141 mm 
along the sample. Scanning was repeated every 30 min for 24 h. 

The collected scan data were exported as CSV files, converted to ASCII format using 
the GoCator CSV converter, and imported into CloudCompare software for analysis. The 
initial and subsequent scans were aligned using fixed reference points on the mould walls. 
Length changes between measurement pins, representing settlement and shrinkage, were 
then quantified using CloudCompare tools. 

2.6 Restrained Shrinkage 

A restrained plastic shrinkage cracking test was conducted following ASTM C1579 [24] 
to assess the early-age cracking potential of concrete mixes. The test setup comprised 
a plywood mould (560 × 355 × 100 mm) with a 1.2 mm thick steel sheet, bent at 
three points, installed at the base as a stress riser as shown in Fig. 3. After casting fresh 
concrete in three moulds, specimens were cured in a controlled environment at 22 ± 
2 °C and 50 ± 4% relative humidity. The stress riser induced localized tensile stresses, 
increasing cracking susceptibility due to stress concentration and reduced thickness at 
specific points. A Pentax WG-90 time-lapse camera captured images at 15-min intervals 
to accurately determine the cracking onset. 

Fig. 1. Capillary pressure 
measurement test setup. 

Fig. 2. A view of 
free plastic shrinkage 
measurement by 
the laser scanner. 

Fig. 3. A geometry of the restrained 
plastic shrinkage mould [24]. 

2.7 Tensile Strength 

The tensile strength of concrete mixes was measured according to ASTM C496 [25]  using  
100 × 200 mm cylindrical specimens. After casting fresh concrete, specimens were cured 
in a controlled environment at 22 ± 2 °C and 50 ± 4% relative humidity. Three samples 
were tested, and the average tensile strength was reported. Splitting tensile strength tests
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were conducted at the age of 1 day to assess early-age cracking. The specimens were 
tested in an ELE ADR-3000 Compression Machine (3000 kN capacity) with a 0.94 kN/s 
(7.2 MPa/min) loading rate, following ASTM C496 [25], until failure. 

2.8 Elastic Modulus 

The dynamic modulus of concrete mixtures was assessed using the Ultrasonic Pulse 
Velocity (UPV) method per ASTM C597 [26] on 100 × 200 mm cylindrical specimens. 
After casting fresh concrete, specimens were cured in a controlled environment at 22 
± 2 °C and 50 ± 4% relative humidity for a day. Given that at early ages, estimating 
dynamic modulus is limited by the inability to measure shear wave (S-wave) velocity, 
as fresh concrete lacks sufficient shear stiffness to support S-wave propagation, the 
measurements were conducted at the age of 1 day to evaluate the initial dynamic modulus 
of mixes. Specimen density was determined from mass and dimensions before measuring 
pressure wave (P-wave) and S-wave velocities using Single-Crystal (54 kHz ± 5  kHz)  
and Dual-Crystal (40 kHz ± 4 kHz) Proceq transducers, respectively. Compression and 
shear waves, generated by transducers in contact with the specimen, were received by 
a second transducer at distance (L). The travel time (T) was recorded via Punditlink 
and/or UPV instruments. It is worth mentioning that the dynamic modulus is generally 
higher than the static modulus due to strain rate effects and needs a correction factor, 
but this difference is negligible at early ages when time-dependent behaviors like creep 
and microcracking are m inimal.

3 Results and Discussion 

3.1 Capillary Pressure and Shrinkage 

The results of capillary pressure and early-age shrinkage of the concrete mixes are pre-
sented in Fig. 4. The results indicate that GGBS incorporation reduces capillary pressure 
and extends setting times compared to the control mix. Higher GGBS content slows 
hydration due to reduced alkalinity, prolonging the early stages of capillary pressure 
evolution. Additionally, the pozzolanic reaction of GGBS leads to denser mixes, reduc-
ing mass loss and subsequently lowering capillary pressure, particularly in later stages. 
Adding 1.5% SRA further reduces capillary pressure by lowering pore solution surface 
tension. However, SRA’s effectiveness decreases with increasing GGBS content, likely 
due to the adsorption of surfactant molecules onto slag particles rather than the air-liquid 
interface, diminishing SRA’s impact [15]. 

The early-age shrinkage results over the first 24 h indicate that the control mix exhib-
ited the highest shrinkage, reaching approximately 2600 μɛ at 24 h. Incorporating 20% 
GGBS (G20) reduced shrinkage by 10% (2300 μɛ), while 40% GGBS (G40) achieved 
a 25% reduction (2000 μɛ). The addition of 1.5% SRA to G20 yielded a similar 25% 
shrinkage reduction, matching G40. However, adding 1.5% SRA to G40 (G40S1.5) did 
not further decrease shrinkage beyond the 25% achieved by G40 alone. The shrinkage 
trends align with capillary pressure evolution, confirming a direct relationship. However, 
significant shrinkage occurred in the early hours before substantial capillary pressure
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development, suggesting that concrete stiffness also influences shrinkage. During this 
plastic phase, low stiffness contributes to deformation. Additionally, the results con-
firm the diminishing effectiveness of SRA in mitigating shrinkage as GGBS content 
increases, consistent with capillary pressure findings. 

(a) (b) 

Fig. 4. The effect of GGBS and SRA on the capillary pressure (a), and early age shrinkage of 
mixes. 

3.2 Cracking Potential 

The correlation between setting times, capillary pressure, settlement, and shrinkage up 
to 24 h was analysed based on the new four-stage capillary pressure evolution model 
[14]. As shown in Fig. 5a, in the control mix, no capillary pressure was observed before 
initial setting (~2.5 h), though minor shrinkage (~200 με) occurred due to nonuniform 
settlement. After initial setting (2.75–5 h), settlement stabilized while 75% of total 
shrinkage (200–2000 με) developed under low capillary pressure (~100 kPa). During 
Stage 3, (5 h onward), capillary pressure rose to 350 kPa, with shrinkage increasing 
moderately (2000–2470 με). In Stage 4, despite a significant capillary pressure rise 
(350–1950 kPa), shrinkage only slightly increased (to 2600 με), attributed to concrete 
solidification and higher elastic modulus, which resisted deformation. 

Similar trends were observed in mixes with 20% and 40% GGBS in Figs. 5b and c. 
About 90% of total settlement occurred by the initial setting time (Stage 1), similar to 
the Control mix, but the setting times extended to 4 h (G20) and 7 h (G40). No capillary 
pressure developed due to bleeding, though slight shrinkage (~200 με for G20, ~ 350 
με for G40) occurred. In Stage 2, capillary pressure rose to 180 kPa (G20) and 155 kPa 
(G40), with ~ 75% of total shrinkage occurrence, reaching ~ 1950 με for G20 and ~ 1750 
με for G40. During Stage 3, capillary pressure increased further to 430 kPa for G20 and 
400 kPa for G40, with moderate shrinkage growth to ~ 2200 με for G20 and ~ 1950 for 
G40 mixes. Stage 4 saw the most significant capillary pressure rise to ~ 1200 kPa for 
G20 and ~ 700 kPa for G40, but shrinkage remained limited to ~ 2300 με for G20 and 
~ 2000 με for G40, indicating increased resistance due to solidification.

The correlation between capillary pressure and shrinkage in mixes with 20% and 
40% GGBS and 1.5% SRA is shown in Figs. 5 d and e. Like other mixtures, G20S1.5 and
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(a) 

(d) (e) 

(b)                                (c) 

Fig. 5. The correlation between capillary pressure, plastic shrinkage, settlement, initial and final 
setting time of the Control mix (a), G20 mix (b), G40 mix (c), G20S1.5 mix (d), G40S1.5 mix (e).

G40S1.5 experienced most settlement in Stage 1, with minor horizontal displacements 
(~150 με and ~ 300 με, respectively). In Stage 2, capillary pressure increased to 25 kPa 
(G20S1.5) and 130 kPa (G40S1.5). Unlike the control and GGBS-only mixes, G20S1.5 
experienced about 50% of total shrinkage in Stage 2, while G40S1.5, with extended 
Stage 2, showed significant shrinkage reaching (~1600 με). In Stage 3, capillary pressure 
rose to 500 kPa (G20S1.5) and 560 kPa (G40S1.5), with shrinkage reaching ~ 1850 με
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and ~ 1775 με, respectively. Stage 4 saw further capillary pressure increases (700 kPa 
for G20S1.5, 670 kPa for G40S1.5), but shrinkage remained limited due to concrete 
solidification and increased elastic modulus, with final shrinkage values of 1900 με and 
1800 με for G20S1.5 and G40S1.5 respectively.

The cracking potential of mixes was assessed using ASTM C1579 [24] with 
restrained shrinkage moulds. Time-lapse imagery monitored cracking time, while crack 
width was measured with a Crackscope. Cracks appeared at 13 h in the Control mix, 
while 20% and 40% GGBS mixes cracked earlier at 11 h and 10 h, respectively. Adding 
1.5% SRA delayed cracking in the 20% GGBS mix (12 h) but had no effect on the 40% 
GGBS mix. Except for the Control mix (cracking at Stage 4), all other mixes cracked 
in Stage 3 (semi-plastic phase). The Control mix exhibited higher hydration, leading to 
faster strength development and elastic modulus (Fig. 6), a shorter semi-plastic phase, 
and lower shrinkage in Stage 4, resulting in narrower cracks (~0.2 mm). 

In contrast, GGBS extended semi-plastic phase, increasing susceptibility to crack-
ing due to significant length changes and reduced tensile strength as shown in Fig. 6. 
Additionally, the lower elastic modulus of GGBS mixes decreased their ability to resist 
deformation, further promoting cracking and slightly widening crack widths (~0.4 mm). 
It seems that the capillary pressure weakened large pores, allowing air ingress into them 
and creating crack initiation sites. Shrinkage-induced tensile stress concentrated around 
restrained zones, facilitating crack formation as weakened pores opened under stress, as 
indicated in Fig. 7. 

Fig. 6. The 1-day tensile and elastic 
modulus of mixes. 

Fig. 7. A picture of shrinkage cracking. 

4 Conclusion 

This study demonstrates that partial cement replacement with GGBS and SRA influences 
early-age concrete properties and cracking potential. The results showed that significant 
shrinkage occurs during initial and final setting, with minimal capillary pressure evo-
lution. As capillary pressure develops, cracking risk rises due to the transition to the 
hardened phase. While GGBS reduces capillary pressure, settlement and shrinkage, it 
extends the semi-plastic phase, increasing susceptibility to cracking due to reduced ten-
sile strength, elastic modulus, and strain capacity, classified it as an ineffective shrinkage 
cracking mitigating strategy. SRA exhibits greater effectiveness at lower GGBS levels, as 
higher replacements diminish their impact. Effective curing strategies targeting capillary
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pressure and shrinkage reduction, particularly during semi-plastic phase, are crucial for 
minimizing cracking risks. These findings underscore the need for a balanced approach 
when incorporating GGBS and SRAs in concrete mix design. 
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