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Internal curing is a term used to describe a process in which curing water is 

provided to a concrete mixture from inside the mixture. Internal curing water has 

typically been provided in North America mixtures by using prewetted porous materials, 

like fine lightweight aggregate (FLWA).  Alternative materials, such as superabsorbent 

polymers or absorptive fibers, have been suggested as potential alternative methods to 

supply internal curing water.  Water moves from the FLWA to the cement paste when 

capillary suction develops in concrete mixtures as a result of self-desiccation. This 

capillary suction draws water out of the FLWA and into the paste of the concrete mixture. 

Internal curing is primarily used in low water-to-cementitious ratio concrete material 

applications, as these mixtures are more susceptible to early age autogenous shrinkage 

and cracking. Internal curing has received considerable research attention over the past 

two decades. Applications for internal curing include: bridge decks, water tanks, repair 

materials and pavements.  



 

 

The most common mixture design methodology for internally cured mixtures is 

based on an approach proposed by Bentz and Snyder. This design methodology provides 

a volume of internal curing water that is equivalent to the volume of the ultimate 

chemical shrinkage of the mixture. While this approach can reduce the autogenous 

shrinkage and early age cracking potential, it is believed to be conservative. For 

applications like concrete pavements where large volumes of materials are involved, it 

may be possible to reduce the volume of internal curing water while still maintain the 

benefits of internal curing. This thesis explores the benefits of using only a portion of the 

typical volume of internal curing water for internally cured mixtures with lightweight 

aggregates and superabsorbent polymers. A design methodology is examined that uses 

the pore size distribution of the cementitious matrix to quantify the volume of internal 

curing water needed to reduce shrinkage to a specific level. Results from mixtures that 

use a portion of water associated with the volume of chemical shrinkage reveal 

significant benefits in terms of increased relative humidity and reduced autogenous 

shrinkage. A relationship between the pore size distribution of the cement paste and the 

reduction in autogenous shrinkage is established. A comparison is made between the 

model and the experimental results to reveal that only a fraction of the provided internal 

curing water fills the vapor filled pores that are responsible for the autogenous shrinkage. 

Other factors, such as the increased degree of hydration of cement, increased degree of 

reaction of SCM and the partial desorption of the internal curing agent also need to be 

considered.  

The model was modified to take into account these additional factors. While 

further studies are needed to better quantify the impact of various factors which consume 



 

 

or restrict the availability of the internal curing water, the proposed design method shows 

promise as, by advancing the comprehension of internal curing and its effects, provides a 

way to safely reduce the volumes of internal curing water while still maintain the 

majority of the benefits. 
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1 Introduction 

In the last few decades, the construction industry has increased the use of concrete 

with a lower water-to-cement ratio (w/c) or water-to-cementitious materials ratio (w/cm). 

These concretes are generally stronger and less permeable than concrete with a higher 

w/cm.  While such concretes have several benefits, they do have the potential drawback 

of increased early age shrinkage and cracking [1]. Although the chemical shrinkage in 

lower w/cm systems is similar to that of higher w/cm systems, the refined pore structure 

of lower w/c mixtures causes the impact of self-desiccation is more severe since smaller 

pores are evacuated [2]–[4]. As a result, low w/c mixtures generate higher capillary 

pressure and shrinkage in the paste [1] than high w/c mixtures. These higher stresses at 

early ages can lead to cracking.  

Internal curing consists of using pre-wetted fine lightweight aggregates (or 

alternative internal curing agents, such as absorptive fibers or superabsorbent polymers 

[5]) to provide the cementitious system with extra curing water, without altering its 

design w/c. This provides water to mitigate self-desiccation by filling the vapor filled 

pores that form after set [6]. The filling of these pores reduces the internal stresses, 

mitigates the autogenous shrinkage, and reduces the potential for early age cracking [1].  

Although internal curing has been observed to have been ‘accidentally’ 

implemented in several cases of lightweight concretes within the past 100 years [7], 

detailed studies on the specific process to design mixtures for the benefit of internal 

curing have only been performed in the last few decades [8]. The most commonly used 

approach to determine the mixture proportions of internally cured mixtures is based on 

quantifying the demand of internal curing water (and therefore, the amount of internal 
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curing agent) as proposed by Bentz and Snyder [9]. This design methodology is based on 

providing a volume of internal curing water that is equal to the volume of chemical 

shrinkage. While the main advantage of internal curing is to reduce autogenous shrinkage 

and cracking [1], other benefits such as an increase in the degree of hydration, increased 

compressive strength, and lower permeability have also been demonstrated [2], [8], [10], 

[11].  

Due to the aforementioned benefits of internal curing, internal curing has been 

utilized in the construction of bridge decks, water tanks, repair materials, and pavements 

[12], [13]. Particularly, it has been hypothesized that the application of internal curing 

using lightweight aggregates to continuously reinforced concrete pavements may result in 

a reduction in early age stresses, shrinkage, and curling, resulting in an increase in the 

service life of the pavements [14]. The use of lightweight aggregates for internal curing 

in pavements also lead to a higher degree of hydration of the cement (and therefore 

higher strength), and a reduction of the thermal conductivity [14]. It is hypothesized that 

by reducing the curling, the built-in stress can be reduced and a result a reduction in 

pavement thickness and cost [14]. Further, the use of a reduced volume of lightweight 

aggregates would lead to a reduction in the overall volumes of used materials and savings 

in space for materials storage. For structures like pavements, which use large volumes of 

materials, this means a large reduction in the associated cost. 

The Bentz and Snyder approach [9] is commonly used to quantify the amount of 

lightweight aggregates to be included in the concrete mixture. While this approach is very 

simple, it generally overestimates the amount of internal curing water necessary to 

mitigate the effects of self-desiccation. 
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While little to no change in the workability of the material was observed, field 

experience and reports on existing structures, whose concrete was internally cured, 

showed an increase in compressive strength, reduction or elimination of plastic and 

drying shrinkage cracking, and reduction of the permeability of the concrete. In general, a 

substantial reduction in the number of cracks in the long term has been observed [15]–

[17].For applications like bridge decks, which involve relatively small volumes of 

materials, the use of this approach is advantageous, as it is quick, reliable and 

conservative. For other applications such as pavements, where larger volumes of 

materials are involved, it may be valuable to develop a design methodology for internally 

cured mixtures which optimizes the quantities of lightweight aggregates. This approach 

could lead to cost savings, material savings, reductions in staging areas needed for 

materials, and reduced materials that require pre-wetting. 

 

1.1 Research Objectives 

The objectives of this study are: 

 To evaluate the benefits obtained due to partial replacements of lightweight 

aggregates and superabsorbent polymers with respect to the Bentz and Snyder 

approach [9], in terms of increased internal relative humidity and reduced 

autogenous shrinkage at early ages. 

 To explore a new mixture design methodology for internally cured mixtures 

using lightweight aggregates and superabsorbent polymers that uses the paste 
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pore size distribution to quantify the volume of internal curing water needed for 

a target shrinkage reduction. 

 To compare the theoretically predicted results from the mixture design 

methodology with experimental values from the autogenous shrinkage tests 

performed on mixtures with lightweight aggregate and superabsorbent polymers. 

 

1.2 Thesis Organization  

This thesis is composed of three chapters and three appendices. 

This chapter (Chapter 1) provides a background on the research topic, 

summarizing the state of the art and discussing the reasons that justify this work of 

research. The research objectives of this study are also listed.  Finally, the organization of 

the thesis and the content of each section are described in detail. 

Chapter 2 examines the use of lightweight aggregate for internal curing 

applications. The benefits of using reduced volumes of lightweight aggregates in 

internally cured concrete is explored. A new design methodology for internally cured 

mixtures, which uses the pore size distribution of the paste to calculate the volume of 

internal curing water needed for a target reduction in shrinkage, is explored.  A modified 

version of the Mackenzie equation is used to establish a correlation between filled pore 

volumes and the reduction in shrinkage.  

Chapter 3 explores the use of superabsorbent polymers (SAP) as an internal 

curing agent. Absorption and desorption behavior of the SAP are studied. The effects of 

partial volume replacements of superabsorbent polymers as compared to those proposed 
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by the Bentz and Snyder method on relative humidity and autogenous shrinkage are 

quantified. The internally cured mixture design methodology developed in Chapter 2 is 

applied for the superabsorbent polymers. A comparison is made between theoretical 

predictions and experimental data.  

Chapter 4 presents a summary of the observations and conclusions that were 

drawn from the authors on the basis of this work of research. 

Appendices A and B present the results of additional experiments that were 

carried out on lightweight aggregate and superabsorbent polymer systems.  

Appendix C describes the teabag method for fluid absorption in superabsorbent 

polymers, written as a standard operating procedure in a format that will enable it to be 

submitted to the American Association of State Highway Testing Officials (AASHTO), 

although at the time of this thesis submission this procedure has not been submitted to 

this date. 
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2 Toward a design methodology for partial volumes of internal curing 

water based on the reduction of autogenous shrinkage 

 

2.1 Abstract 

While the use of internal curing began in low w/c, high strength concrete, the 

benefits of reduced autogenous shrinkage and improved hydration have been observed 

over a wider range of mixtures. In North America, internally cured mixtures are typically 

made using pre-wetted fine lightweight aggregates (FLWA). The volume of FLWA used 

in an internally cured concrete is typically determined on the principle that the FLWA 

provides a volume of water that is equivalent to the volume of chemical shrinkage. This 

study examines whether it is possible to reduce the volume of FLWA while still obtaining 

the benefits of internal curing with respect to reduced shrinkage and early age cracking, 

and increased hydration. An alternative mixture methodology is presented that utilizes the 

pore size distribution of the cementitious paste to calculate the amount of internal curing 

water needed to maintain a specific relative humidity (i.e. to provide water sufficient to 

keep pores of a certain size filled) in the mixture. The proposed approach calculates the 

volume of water required to fill in the pores of a specific size that empty so that the 

effects of self-desiccation are minimized to an acceptable level. This approach maintains 

the relative humidity to support higher hydration, supplementary cementitious materials 

(SCM) reaction, and reduce the autogenous shrinkage. While many applications like 

bridge decks may still be designed with the additional security provided by using the 

more conventional design approach of providing internal curing water that is equal to the 

chemical shrinkage, it is hypothesized that this assumption generally overestimates the 
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amount of water needed to effectively reduce the autogenous shrinkage of a concrete 

mixture. Applications such as pavements may benefit from a design approach that 

optimize the volumes of FLWA, due to the reduction in the raw materials required, which 

has benefits from both cost and staging perspectives. 

 

2.2 Background 

Internal curing was developed to improve the performance of concrete by 

reducing the risk of early age cracking in low w/c concrete mixtures [7], [8], [18]. The 

most commonly used mixture design methodology for internally cured mixtures is based 

on replacing a portion of fine aggregates with prewetted lightweight aggregates [19]. This 

approach provides internal curing water that has an equivalent volume to that of the 

chemical shrinkage in the mixture. The procedure, outlined in ASTM C1761  ̶ 15 [20], 

estimates the mass of FLWA , MFLWA, as described by Eq. 1:  

𝑀𝐹𝐿𝑊𝐴 =
𝐶𝑓 𝐶𝑆 𝛼𝑚𝑎𝑥

𝑆 𝛷𝐹𝐿𝑊𝐴
 Eq. 1 

where Cf is the amount of cement or cementitious material in the mixture (kg/m3) , CS is 

the chemical shrinkage of the cement or cementitious blend (ml/gcem), αmax is the 

expected degree of hydration (-), S is the level of saturation of the FLWA (-), and ΦFLWA 

is the absorption capacity of the FLWA (g/g). This procedure was modified by Castro et 

al. [21] to account for the FLWA desorption and time dependent effects of aggregate 

absorption. 
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While higher w/c systems (w/c ≥ 0.42) do not experience the same magnitude of 

autogenous shrinkage, incorporation of FLWA into such mixtures still increases the 

strength [22] and can reduce the curling in concrete pavements [14], [23]. Internal curing 

and FLWA have been implemented in bridge decks, water tanks, repair materials, and 

pavements with promising results [8], [16]. 

It has been hypothesized that the partial replacement of the volumes of FLWA 

calculated through the ASTM C1761 ̶ 13 approach can provide a majority of the benefits 

that would come from the total replacement [1]. Reducing the volume of FLWA would 

reduce the cost of the concrete and improve staging in the aggregates preparation or 

construction, while still maintaining similar benefits to design using Eq. 1. 

The shrinkage properties of a cementitious system are dependent on the pore 

structure of the cement paste. The procedure shown in Eq. 1, however, does not account 

for the pore size and determines a sufficient amount of water to fill all the voids created 

by self-desiccation. This study proposes a revision of the design approach for 

determining the amount of FLWA, considering the pore size distribution in the 

determination of the mass of FLWA to include. Macroscopic shrinkage behavior from 

partially internally curing the system are measured. 

 

2.3 Experimental Procedure 

2.3.1 Materials 

The cement used in this study was an ordinary Type I/II portland cement [24]. 

The Blaine fineness of the cement was 383 m2/kg and the potential phase composition 
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from the mill sheet was 47% C3S, 21% C2S, 7% C3A, 9% C4AF. A Class C fly ash 

(complying with ASTM C618  ̶ 15 [25]) and a Grade 100 slag (complying with ASTM 

C989  ̶ 16 [26]) were used in some mixtures. The fly ash had a CaO content of 25.45%, 

12.5% by mass retained on a #325 sieve, and a specific gravity of 2.67. The slag had a 

Blaine fineness of 573 m2/kg. The fine aggregate used was a typical river sand, with a 

specific gravity of 2.67 and an absorption capacity of 1.4%. The fine lightweight 

aggregate was a water-cooled expanded blast furnace slag, with a fineness modulus of 

3.4, and an absorption capacity of 10.5%, which was measured through the centrifuge 

method as described by Miller [27]. 

 

2.3.2 Mixture design and mixing procedure 

A total of fifteen different mortar mixtures (Table 2-1) were cast. Three different 

series of mixtures were evaluated with five different FLWA replacement levels. Series 1 

consisted of an ordinary OPC binder with a w/c of 0.36. Series 2 and 3 consisted of a 

ternary system, of w/cm 0.36 and 0.417, respectively, with fly ash and slag with volume 

replacement levels of 31% and a 12% with respect to the total volume of cementitious 

materials, respectively. The fine aggregate represented 57% of the mortar mixture 

volume. The FLWA modified mixtures were cast using five different levels of 

replacement: 0%, 25%, 50%, 75% and 100% with respect to the volume calculated by 

Eq. 1. 
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Table 2-1: Mixture proportions for the mortar systems examined 

  
MIXTURE 

DESIGNATION 
w/c 

Cement 

[kg/m3] 

Fly 

Ash 

[kg/m3] 

Slag 

[kg/m3] 

Water 

[kg/m3] 

NWA 

[kg/m3] 

FLWA, 

Dry 

[kg/m3] 

Water  

LWA 

[kg/m3] 

Water  

NWA 

[kg/m3] 

S
er

ie
s 

1
 

OPC 0% 0.36 620 - - 223 1548 0 0 22 

OPC 25% 0.36 620 - - 223 1408 105 11 20 

OPC 50% 0.36 620 - - 223 1268 210 22 18 

OPC 75% 0.36 620 - - 223 1128 314 33 16 

OPC 100% 0.36 620 - - 223 988 419 44 14 

S
er

ie
s 

2
 

Ternary 0% 0.36 358 168 69 214 1565 0 0 22 

Ternary 25% 0.36 358 168 69 214 1424 106 11 20 

Ternary 50% 0.36 358 168 69 214 1282 212 22 18 

Ternary 75% 0.36 358 168 69 214 1103 308 32 15 

Ternary 100% 0.36 358 168 69 214 999 424 45 14 

S
er

ie
s 

3
 

Ternary 0% 0.417 346 162 67 240 1514 0 0 21 

Ternary 25% 0.417 346 162 67 240 1377 103 11 19 

Ternary 50% 0.417 346 162 67 240 1240 205 22 17 

Ternary 75% 0.417 346 162 67 240 1103 308 32 15 

Ternary 100% 0.417 346 162 67 240 966 410 43 14 

 

The FLWA were oven dried before being soaked in the total volume of the 

mixture design water for a period of 24 ± 1 hours before mixing. Fine aggregate (sand) 

was oven dried and conditioned at room temperature for a period of at least 24 hours 

before mixing. The paste samples were used for the chemical shrinkage and pore size 

distribution measurements and the mortar samples were used for the autogenous 

shrinkage and relative humidity measurements. 

The mortars and pastes were mixed in accordance with ASTM C305  ̶ 14 [28]. 

The pastes were mixed using the same proportions as in the mortar paste fractions. 
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2.4 Experimental Methods 

The desorption isotherms of the FLWA and pastes were measured using a 

dynamic sorption analyzer (Q5000SA, TA Instruments). The dynamic sorption analyzer 

measured the changes in the mass of the sample as a function of relative humidity at a 

constant temperature. The relative humidity was decreased stepwise from a maximum of 

97.5% to a minimum of 0%, which corresponds to oven dried conditions. For the FLWA, 

the sample size was approximately 50 mg and was introduced in the prewetted surface 

dry state. The dynamic sorption analyzer was first stabilized at a relative humidity of 

97.5% for a first period of 24 hours. The relative humidity was decreased to 80% through 

1% relative humidity steps. Each relative humidity set value was maintained until the 

change of mass was recorded to be less than 0.001%/15 minutes or a period of time of 12 

hours had passed [21]. As a final step, the relative humidity was dropped to 0% where the 

sample was stabilized for a period of 48 hours, to ensure all the water was released. The 

pastes samples were measured in a similar manner with the main difference being that the 

relative humidity steps were 10% each from 97.5% until 0%. 

Chemical shrinkage measurements were taken on all three paste systems in 

accordance with ASTM C1608 ̶ 12 [29]. Instead of reading the capillary tubes manually, 

an image recognition system using was setup to read the level of the water at the 

boundary between the oil and water in the tube [30], [31]. Readings were taken every 10 

minutes. Three replicate specimens were measured for each paste system. 

Autogenous shrinkage measurements were taken on each mortar mixture 

following ASTM C1698 ̶ 09 [32]. Three replicate specimens were measured for each 

mortar mixture. The length change was measured with spring loaded LVDTs (GHSD-
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750-020, Macro Sensors) and data from each gauge was recorded at 1 minute intervals 

for seven days. Mass was recorded at the beginning of testing and the end to ensure there 

was sufficient sealing. Data measurements were recorded from set time, measured 

following ASTM C403/C403M ̶ 08 [33]. 

Internal relative humidity measurements of the mortar mixtures were measured 

using crushed specimens at specific ages, as described by Castro et al. [13]. The mortar 

samples were cast and sealed inside cylindrical plastic containers for the first 24 hours at 

a constant temperature of 23 ± 0.1°C. After 24 hours, the samples were demolded and 

crushed using a mortar and pestle. Approximately 5 grams of crushed mortar was 

collected after being sieved through a #8 sieve and placed in 12 mm deep plastic cups. 

The cups were then placed inside water-jacketed stainless steel cylinders which provided 

temperature control of the samples in the containers. The relative humidity sensors 

(HygrClip2S, Rotronics) were mounted on the stainless cylinders which were then 

hermetically sealed. The sensors were calibrated using saturated salt solutions [34]. A 

linear correction curve based on the calibration was used to correct the relative humidity 

measurements [13]. The sensors recorded the temperature and the relative humidity of the 

crushed samples at 5 minutes intervals. This procedure was repeated for each recorded 

measurement: each day for the first 7 days, at 21 days, and at 28 days. Figure 2-1 shows 

the experimental setup used for the mortal internal relative humidity measurements. 
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Figure 2-1: Stainless steel cylinders with mounted Hygroclip sensors used in relative 

humidity measurements. 

 

2.5 Experimental Results 

The desorption behavior of the FLWA used in this study was measured using the 

dynamic vapor sorption technique (Figure 2-2). The aggregate source used meets the 

requirements of ASTM C1761  ̶ 15 [20] with the exception of the ability to release at 

least 85% of its water at 94% RH as measured by the DVS procedure. It has been shown 

previously that water-cooled expanded blast-furnace slag aggregates desorb less at high 

relative humidities [35]. 
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Figure 2-2: Desorption isotherm of FLWA sample vs ASTM C1761 specification. 

 

The internal relative humidity measurements (Figure 2-3) show that the relative 

humidity increases with the FLWA content, as expected [13]. The influence of internal 

curing water is more pronounced for the lower w/cm (water-to-cementitious material) 

systems, where the systems self-desiccate rapidly. The systems including supplementary 

cementitious materials (SCMs) show higher relative humidities at early ages. The 

presence of fly ash and slag reduces the initial consumption of water as the pozzolanic 

reactions is rather slow at early ages (at least for fly ash [36]). This results in higher 

relative humidity readings. The internal relative humidity values are needed to calculate 

the Kelvin radius for the largest filled pore at each age. 
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Figure 2-3: Internal relative humidity measurements for (a) Series 1, (b) Series 2, and (c) 

Series 3 (± 1% RH). 

 

Autogenous shrinkage measurements were performed on all the mixtures (Figure 

2-4). An initial expansion occurs for all the internally cured mixtures. This expansion 

may be due to the increase of the system temperature; however the temperature rise was 

measured to be approximately 1°C. The sudden release of internal curing water from the 

lightweight aggregates, may also result in swelling [37].  
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For purposes of comparison, and for the calculations used in the design procedure, 

the reduction in shrinkage can be expressed relative to the 0% mixture. 

Autogenous shrinkage measurements for the OPC system (Series 1) show 

generally higher values of shrinkage with respect to same w/cm ternary system, due to a 

higher self-desiccation, which leads to a lower internal relative humidity. For this set of 

mixtures, the 100% FLWA replacement mixture has a reduction factor of 1.3 with respect 

to the 0% mixture, where the reduction factor is the normalized reduction in autogenous 

shrinkage of the X% FLWA mixture with respect to the 0% mixture. The reduction 

factors for the 75% and 50% FLWA replacement levels are 0.98 and 0.62, respectively. 

The full FLWA replacement for the Ternary 0.36 w/cm system (Series 2), as 

calculated from Eq.1, shows a shrinkage reduction of 0.93, while the 75% and the 50% 

FLWA replacement systems have reduction factors of 0.74 and 0.67, respectively.  

For the ternary mixture with a  water-to-cement ratio of 0.42 (Series 3), the full 

replacement of FLWA (100% of the FLWA amount calculated via Eq. 1) results in a 

200% reduction in the shrinkage of the mortar at seven days. Thus, the 100%, 75%, and 

50% systems cause a 1.9, 1.2, and 0.8 times reduction, respectively, compared to the 0% 

mixture. In general, due to the high w/cm of the system and the presence of large 

volumes of pozzolanic SCMs, the shrinkages of these systems, including the 0% one, 

have relatively small values. 
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(a) 

 

(b) 
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(c) 

 

Figure 2-4: Autogenous shrinkage measurements for (a) Series 1, (b) Series 2, and (c) 

Series 3.  

        

Desorption isotherms were obtained on paste mxitures. The pore size distribution 

was obtained using the Kelvin-Laplace equation (Eq. 2) to correlate the relative humidity 

to the Kelvin pore radius [38], 

𝑟 =
2𝛾𝑉𝑚

𝑅𝑇𝑙𝑛(𝑅𝐻)
 Eq. 2 

where γ is the surface energy of the water (0.072284 N/m), Vm is the molar volume of 

water (1.8·105 mol/m3), R is the ideal gas constant (8.3145 N·m/mol·K), T is the 

temperature (K), and RH is the relative humidity in decimal form. For the ternary system, 
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the paste was tested at three different ages, to observe the change in the pore size 

distribution as a function of time. As expected, older specimens have a higher proportion 

of fine pores and a lower total porosity due to increased hydration. When comparing the 

pore size distribution for the three different paste systems analyzed at an age of seven 

days, the OPC system has the finest pore size distribution, characterized by smaller pores. 

This is partly due to the higher degree of hydration of the OPC system with respect to the 

ternary systems at an age of seven days. Furthermore, comparing the two ternary systems, 

the paste with the higher w/cm contains a higher volume of pores, mainly due to the 

higher volume of capillary pores (Figure 2-5). 

 

Figure 2-5: Particle size distribution for the three paste systems, at an age of seven days, 

calculated from DVS data using Kelvin-Laplace equation. 
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2.6 Proposed IC Mixtures Design Methodology 

Mackenzie [39], developed an expression to predict the shrinkage of a solid body 

with spherical holes, εp, which can be applied to a cementitious paste using Eq. 3, 

𝜀𝑃 =
𝜎𝑐𝑎𝑝

3
(

1

𝐾
−

1

𝐾𝑆
) Eq. 3 

where σcap is the capillary pressure that develops in the solution (MPa), K is the bulk 

modulus of the paste (MPa), and KS is the skeleton modulus of the paste (MPa). The 

capillary pressure can be calculated as a function of the pore radius using Eq. 4 

𝜎𝑐𝑎𝑝 =
−2𝛾𝑐𝑜𝑠𝜗

𝑟
 Eq. 4 

where γ is the surface tension of the fluid (0.072284 N/m for water), 𝜗 is the contact 

angle of the fluid and can be assumed to be 0 [40], [41]. Bentz modified equation 3 by 

adding a saturation term [42], S (-), so that Eq. 3 now becomes Eq. 5. 

𝜀𝑃 = −
2

3
 𝑆 

𝛾

𝑟
(

1

𝐾
−

1

𝐾𝑆
) Eq. 5 

This approach uses the radius of curvature for the meniscus in the pores. Practically, this 

corresponds to the radius of the largest fluid filled pore. In order to determine the degree 

of saturation of the system, S, which is defined as the ratio of the fluid filled pore volume 

Vc and the total pore volume Vtot, the pore size distribution and the relative humidity of 

the sample are needed. It is possible to fit the cumulative pore volume at any arbitrary 

filled state with a function. For this study, Vc was fitted using a logistic function to the 

pore volume data calculated from the cement paste desorption results. This function uses 

physical quantities as fitting values, and is shown in Eq. 6: 
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𝑉𝑐 = 𝑉𝑚𝑖𝑛 +
𝑉𝑚𝑎𝑥 − 𝑉𝑚𝑖𝑛

(1 + (
𝑟
𝑟𝑖

)
𝑠

)
𝑐 

Eq. 6 

where Vc is the cumulative pore volume at a given relative humidity (ml/gcem), Vmin and 

Vmax are the minimum and maximum pore volumes in the paste (ml/gcem), r is the radius 

of largest filled pore (nm), ri is the pore radius corresponding to the inflection point of the 

fitting curve (nm), s and c are fitting parameters which describe the sigmoidal behavior of 

the curve (-). For the OPC system, ri = 0.85 (nm), s = 0.325 (-), and h = -3.3 (-). 

Substituting Eq. 6 in Eq. 5, we obtain Eq. 7: 

𝜀𝑃 = −
2

3
 

𝑉𝑐

𝑉𝑡𝑜𝑡
 
𝛾

𝑟
(

1

𝐾
−

1

𝐾𝑆
) Eq. 7 

where Vtot represents the total pore volume (ml/gcem), and the ratio between Vc and Vtot 

represents the degree of saturation of the system (-). 

The proposed design methodology aims to predict the shrinkage reduction that 

comes from the provision of additional internal curing water to the cementitious system. 

By calculating the ratio between the shrinkage of the internally cured system and the 

shrinkage of the non-internally cured system, we obtain Eq. 8: 

𝜀𝑃,𝑥

𝜀𝑃,0
=

𝑉𝑐,𝑥

𝑉𝑐,0
(

1
𝑟𝑥

1
𝑟0

) (

1
𝐾𝑥

−
1

𝐾𝑆,𝑥

1
𝐾0

−
1

𝐾𝑆,0

) Eq. 8 

where the subscript ‘x’ refers the FLWA mixture contentpresent and ‘0’ indicates the 0% 

FLWA system. The ratio between the two terms provides the fraction of the shrinkage of 

the 0% FLWA system that is obtained through partial internal curing. It can be assumed 

that the moduli of the mixture with no FLWA is similar to the plain matrix so that it 
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cancels out the K terms in Eq. 7. This was considered reasonable especially when dealing 

with lower FLWA replacements, but the validity of the assumption should be checked for 

higher replacement levels. Finally, as the ratio of shrinkage approaches unity, the 

reduction in shrinkage with the addition of FLWA approaches zero. The ratio can be 

redefined as a reduction term, R, and thus, Eq. 8 can be simplified to Eq. 9. 

𝑅 = 1 −
𝑉𝑐,𝑥

𝑉𝑐,0

𝑟0

𝑟𝑥
 Eq. 9 

The aforementioned relationship assumes that the water held by the FLWA is 

completely desorbed at the internal relative humidities measured at seven days. For most 

FLWA, this assumption holds true [21]. However, as an example of non-ideal behavior, 

the FLWA used in this study does not release all of its water at the relative humidities 

measured at seven days (Figure 2-2).  

The determination of the r0 parameter is based on the internal relative humidity 

measurements of the non-internally cured sealed specimens at an age of seven days 

(Figure 2-3). Using the 0.36 w/cm OPC system as an example, the 0% mixture has an 

internal relative humidity of 86.7%. Using Eq. 2, the pore radius, r0, at the given relative 

humidity is 7.4 nm. If a reduction of shrinkage strain of 50% is desired, the pore radius 

that needs to be filled to, rx, can be calculated (12.4nm) as seen in Figure 2-6. Then the 

water demand required to maintain that filled pore volume can be calculated by 

subtracting VF,x(rx) from VF,0(r0) which is 0.012 mL water per gram of cementitious 

material. 
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Figure 2-6: Schematic of r0 and rx determination and calculation of water demand for a 

50% reduction in autogenous shrinkage for OPC system. 

 

The reduction factor, based on the water demand to fill up the pore volume up to 

42 nm, is compared with the empirical shrinkage reductions, reduced to 1 day in order to 

exclude the initial expansion (Figure 2-7). 
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Figure 2-7: Comparison of experimental data with predicted reduction in shrinkage. 

 

Figure 2-7 shows that the predicted shrinkage reductions are much larger than the 

ones experimentally measured. This suggests that only a certain fraction of the internal 

curing water is filling in the vapor filled pores. This then leads to the obvious question, 

where does the rest of the water go? One possible explanation of the discrepancy is that a 

portion of the internal curing water is used up in increasing the degree of hydration. This 

phenomenon is known from literature [43], with increases in degree of hydration between 

5 and 10% being reported. It can be then assumed that this part of the internal curing 

water will become chemically bound and therefore unavailable to fill the vapor filled 



27 

 

 

 

pores in the paste matrix. Other explanations include a lack of complete desorption from 

the FLWAs used in this study.  

In general, therefore, it is then possible to assume that the internal curing water, at 

any time t, will be shared as described in Eq. 10: 

𝑉𝐼𝐶 = 𝑉𝑝𝑣 + 𝑉𝛼 + 𝑉𝜓 + 𝑉𝑜𝑡ℎ𝑒𝑟 Eq. 10 

where VIC is the total volume of chemical shrinkage water (ml/gcem), Vpv is the 

volume of internal curing water ending up filling the pores (ml/gcem), Vα is the volume of 

internally cured water chemically bound, due to an increase in the degree of hydration 

(ml/gcem), Vψ is the partial non desorbed water from the internal curing agent (ml/gcem), 

and Vother includes other unknown factors, such as possible reabsorption of water into 

other phases in the cementitious system (e.g., ettringite), slower than predicted desorption 

kinetics, etc (ml/gcem). 

By using the experimental values of reduction in shrinkage with respect to the 0% 

FLWA system, it is possible to calculate the amount of internal curing water which ends 

up filling the pores, using Eq. 11. Assuming two values of an increase in degree of 

hydration, 5% and 10%, the amount of water which is not available at 7 days was 

calculated as described by Eq. 11 [44]: 

𝑉𝛼 = 0.23 ∙ 𝐷𝑂𝐻𝑖 Eq. 11 

where DOHi is the increased degree of hydration (-). 

The volume of undesorbed water was measured by using the experimentally 

found filled volume and the increased degree of hydration, as described by Eq. 12: 
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𝑉𝜓 =
(𝑉𝑝𝑣 + 𝑉𝛼)

(1 − 𝐷𝑂𝑆𝐹𝐿𝑊𝐴(𝑅𝐻))
 𝐷𝑂𝑆𝐹𝐿𝑊𝐴(𝑅𝐻) Eq. 12 

where DOSFLWA(RH) is the degree of saturation of the FLWA for a set relative humidity 

(-). Each filled volume has associated a relative humidity value, which can be used to 

determine the corresponding degree of saturation of the FLWA on the desorption 

isotherm (Figure 2). 

Figure 2-8 shows the impact of the new additional terms in the sharing of internal 

curing water for the 50% FLWA case. The pie chart clearly shows how additional 

hydration and partial desorption of the internal curing agent have a large impact on the 

fraction of available water in the system. The ‘unavailable water’ fraction on the pie chart 

indicates the portion of the internal curing water which is not accounted for, even with 

the inclusion of Vψ and Vα. From these calculations, the unavailable fraction of water 

constitutes a large portion of the total internal curing water, with an increasing trend with 

increasing FLWA replacements. This water could include additional undesorbed water, 

suggesting a desorption behavior different from the one measured from the desorption 

isotherm.  
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Figure 2-8: Impact of the inclusion of Vψ and Vα on the distribution of the internal curing 

water for the 50% FLWA volume replacement. 

 

Although a large fraction of the internal curing water seems to not be available at 

the age of seven days, it is expected that the lightweight aggregates will keep desorbing at 

later ages, as suggested by the relative humidity measurements. It is shown that, 

especially for higher replacement levels of FLWA, relative humidity readings at 21 and 

28 days are high (Figure 2). The internal curing water released after the initial 7 days will 

continue to increase the degree of hydration of the cement and reduce the autogenous 

shrinkage by filling the vapor filled pores in the cementitious matrix. 
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On the basis of the aforementioned considerations, the model was modified. In 

addition to the volume necessary to fill the target pore volume, a volume of water, Vα, 

due to an increase in the degree of hydration (assuming increases in degree of hydration 

of 0%, 5%, and 10%), was added. A second additional volume comes from the partial 

desorption of the FLWA, Vψ. This was calculated from the desorption isotherm of the 

FLWA (Figure 2), as previously described. Finally, since chemical shrinkage has not 

fully developed at such early ages, the total volume of water was normalized to the 

chemical shrinkage at 7 days, which from measurement was 70% of the final value of 

0.075 ml/gcem.  

Eq. 13 shows the calculation of the fraction of internal curing water necessary for 

a given filled pore volume: 

𝑉𝐼𝐶

𝑉𝐶𝑆,𝐹𝑖𝑛𝑎𝑙
=

𝑉𝑝𝑣 + 𝑉𝛼 + 𝑉𝜓

𝑉𝐶𝑆,7 𝐷𝑎𝑦
 Eq. 13 

where VCS,Final is the ultimate chemical shrinkage (ml/gcem), and VCS,7 Day is the measured 

chemical shrinkage at 7 days (ml/gcem). 

Figure 2-9 shows the predicted shrinkage reduction in comparison to the 

experimental data. The three curves are representative of the three different assumptions 

that were made on the increased degree of hydration of the cement: 0%, 5% and 10%. In 

order to calculate the volume of internal curing water which is required for a target 

shrinkage reduction, the model starts from measuring the volume of water that is needed 

to fill the pores, as shown in Figure 2-6. To this volume of water, a second volume which 

accounts for the increased hydration of the cement, is added. Finally, the volume of 

undesorbed water is calculated, as described in Eq. 12, and added to the previously 
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calculated two terms.  The sum of these volumes is then normalized to the measured 

chemical shrinkage at 7 days.  

The comparison of the modified model with the experimental data suggests that 

the inclusion of the additional terms for additional hydration and partial desorption, 

together with the normalization with respect to the chemical shrinkage at 7 days, 

increases the reliability of the prediction of the expected shrinkage reduction. The results 

suggest that that the increase in degree of hydration probably depends on the FLWA 

replacement level. Future work will focus on measurement of the increase in degree of 

hydration at early ages, so to improve the prediction of the model. 

 

Figure 2-9: Prediction from model compared to experimental data. 
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2.7 Conclusion 

The current mixture design approach for internal curing provides a volume of 

curing water which is equal to the chemical shrinkage of the paste. This internal curing 

water reduces autogenous shrinkage, reducing the potential for early age cracking, 

increases the degree of hydration of cement and, possibly, the degree of reaction of 

SCMs, with respect to non-internally cured systems. 

The increasing interest in the use of internal curing in large volume applications 

like concrete pavements has led to questions about the potential to reduce the volume of 

FLWA, while still maintaining the benefits of internal curing. 

This paper investigates an alternative methodology for determining the FLWA 

replacement volume, based on providing internal curing water to maintain a targeted 

relative humidity by considering the pore size distribution of the paste. The pore size 

distribution was measured using desorption isotherms and used to establish the volume of 

internal curing water needed to fill the porous medium up to a target pore radius. An 

expression was developed in order to predict the shrinkage reduction that we obtain 

through the addition of partial volumes of internal curing water, with respect to the Bentz 

and Snyder approach. The equation uses the additional volume of internal curing water to 

predict the reduction in shrinkage, as a function of the total filled pore volume and the 

Kelvin radius for the largest filled pore. Measurements of autogenous shrinkage and 

relative humidity demonstrate that only a fraction of the internal curing water, provided 

by the FLWA, ends up filling the pores; the remaining water is accounted for by other 

phenomena, such as increased degree of hydration, partial desorption of the internal 

curing agent and partial chemical shrinkage at early ages. The method developed based 
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on some of these factors shows a better agreement with the experimental data, but work 

still needs to be done in order to explore additional causes that play a role in the partial 

availability of internal curing water at early ages.  
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3 Mixture proportioning method to optimize internally cured 

cementitious mixtures that use superabsorbent polymers to reduce 

autogenous shrinkage  

 

3.1 Abstract 

The use of superabsorbent polymers (SAP) in cementitious materials has attracted 

much attention recently due to the potential benefits associated with internal curing. In 

this study, a commercially produced SAP is characterized using pore solution absorption 

and desorption measurements. The SAP helps maintain higher internal relative humidity 

in the pastes resulting in a reduction in the autogenous shrinkage. This paper explores the 

effects of partial SAP replacements and compares them to a previously developed 

relationship, based on pore size distribution and relative humidity measurements that 

aims to predict the reduction in shrinkage coming from additional internal curing water. 

This approach reduces the amount of SAP used for internal curing, as compared to the 

more conventional design methodology which is based on providing a volume of internal 

curing water that is equivalent to the total chemical shrinkage. Experimental data showed 

that only a fraction of the provided internal curing water ends up filling the pores and 

reducing the autogenous shrinkage. Other factors, such as increased degree of hydration 

and partial desorption of the internal curing agent concur in the sharing of the available 

internal curing water. The approach was modified to take into account these factors. 

Nevertheless, it has been shown that using lower amounts of SAP results in substantial 

reduction of autogenous shrinkage at early ages and that the developed relation efficiently 

predict the shrinkage reduction, if based on relative humidity measurements.  
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3.2 Background 

Internal curing was developed to minimize the impact of self-desiccation by 

providing curing water throughout the cross section of low water-to-cement ratio (w/c) 

cementitious systems. This reduces the potential for early age cracking due to autogenous 

shrinkage, which is a common problem in high performance concrete [1]. The curing 

water can be provided through the partial replacement of (fine) aggregates with pre-

wetted lightweight aggregates [37], [45], through the use of superabsorbent polymers 

(SAP) [46], [47] or through the use of absorptive fibers [48].  

Internal curing through the addition of SAP to concrete typically results in a 

reduction in the autogenous shrinkage [47], [49], [50] and an increase in the internal 

relative humidity [51], [52].  

Typically, mixture proportioning for internal curing using SAP is done by 

providing a volume of internal curing water that is equivalent to the total chemical 

shrinkage [9]. In this work, the effect of providing fractional amounts of the internal 

curing water was studied. This is done with the objective of reducing the amount of SAP 

used, which could be beneficial in applications such as pavements where high volumes of 

materials are used. A design methodology for internally cured mixtures, designed to 

calculate the amount of internal curing water required on the basis of the predicted 

shrinkage reduction (based on the paste pore size distribution [53]), is applied to SAPs.  
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3.3 Materials and Experimental Methods 

3.3.1 Materials 

An ordinary portland cement (OPC), complying with ASTM C150/C150M  ̶ 17 

type I/II [24], was used in this study. The cement had a Blaine fineness of 383 m2/kg and 

a phase composition from the mill sheet was 47% C3S, 21% C2S, 7% C3A, 9% C4AF 

(using cement chemistry notation, C: CaO, A: Al2O3, F: Fe2O3, and S: SiO2). The specific 

gravity of the cement was assumed to be 3.15. The sand used for the mortar samples was 

a typical river sand, with a specific gravity of 2.67 and an absorption of 1.4%. The SAP 

used in the experiments was a commercially available product (provided by BASF USA). 

Table 3-1 shows the oxide content of the cement, measured using X-ray fluorescence 

(XRF) (ASTM C114  ̶ 15) [54]. 

 

Table 3-1: Oxide content of the cement measured through XRF 

Phase Composition 

Oxide Mass % 

Na2O 0.20 

MgO 3.72 

Al2O3 4.84 

SiO2 19.91 

SO3 4.05 

K2O 1.06 

CaO 60.93 

Fe2O3 2.96 

 

Different amounts of reagent grade NaOH were dissolved in DI water to prepare 

simulated pore solutions. 
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3.3.2 Mixture design and mixing  

Paste and mortar systems were designed to have a w/c of 0.36. The amount of 

SAP to include in the mixtures was calculated based on the method proposed by Bentz 

and Snyder [9], as shown in Eq. 14. Eq. 14 is based on the principle of replacing the 

volume of water lost due to chemical shrinkage with extra curing water, provided through 

the SAP: 

𝑀𝑆𝐴𝑃 =
𝐶𝑓 𝐶𝑆 𝛼𝑚𝑎𝑥

𝛷𝑆𝐴𝑃,30
 

Eq. 14 

where MSAP (kg/m3) is the mass of SAP (dry state), Cf (kg/m3) is the cement 

content of the mixture, CS (ml water/g cement) is the chemical shrinkage of the cement, 

αmax (unitless) is the expected maximum degree of hydration (0 to 1), and ΦSAP (kg of 

solution/kg of dry SAP) is the absorption of the SAP in pore solution (considered here at 

30 minutes absorption). 

Five different mixtures were designed for this study, each one including a 

different volume of SAP. The 100% SAP mixture included the amount of SAP calculated 

through Eq. 14. For the other mixtures, partial amounts of this calculated quantity were 

used. Table 3-2 shows the material contents for each of these mixtures (NWA stands for 

normal-weight aggregates, i.e., the sand). 
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Table 3-2: Mortar mixture proportions used in relative humidity and autogenous 

shrinkage measurements 

Mixture 

Designation w/c 

Cement 

(kg/m3) 

Water 

(kg/m3) 

NWA 

(kg/m3) 

Water in 

NWA 

(kg/m3) 

IC 

Water 

(kg/m3) 

Dry 

SAP 

(kg/m3) 

0% SAP 0.36 620 223.2 1548 22 0 0 

25% SAP 0.36 619 222.8 1548 22 11.6 0.4 

50% SAP 0.36 618 222.5 1549 22 23.2 0.8 

75% SAP 0.36 617 222.5 1550 22 34.8 1.2 

100% SAP 0.36 616 221.8 1551 22 46.4 1.6 

 

Mortars were mixed following a modified version of ASTM C305  ̶ 14 [28]. The 

procedure was modified in order to take into account the presence of the SAP. After 

mixing the cement with water and the addition of dry aggregates, the SAP was introduced 

into the mixture in a dry state. An additional 60 seconds of mixing were added to the 

standard mixing steps, after the introduction of the dry SAP, to ensure a good dispersion 

of the polymers. In addition to the mortar, a cement paste with the same w/c of the paste 

fraction in the mortar (and without any SAP) was mixed in a vacuum mixer following 

ASTM C305  ̶ 14 [28].  

 

3.4 Experimental Methods 

3.4.1 Pore solution extraction 

Pore solution was extracted from the fresh paste to measure the absorption of the 

SAP in pore solution. After mixing, the fresh paste was sealed in a plastic cylinder for 30 
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minutes, in order to minimize the loss of moisture to the environment. At 30 minutes, the 

fresh paste was moved to a pore solution extractor (Figure 3-1) [55]. 

 

 

Figure 3-1: Pore solution extractor setup. 

 

The pore solution extractor used compressed nitrogen at a pressure of 200 kPa to 

extract the pore solution from the fresh paste. A membrane filter with pore diameter of 

0.45 μm prevented the cement grains from contaminating the extracted pore solution. The 

pressure was maintained for a period of five minutes. Once extracted, the pH of the pore 

solution was measured using a pH electrode (Thermo Scientific Orion refillable Ag/AgCl 

pH electrode), after which the solution was sealed inside plastic cylinders of 22 mm x 50 
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mm and stored inside an environmental chamber at a constant temperature of 5 °C, in 

order to minimize the potential for carbonation.  

 

3.4.2 SAP absorption 

Absorption measurements of the SAP were conducted following the gravimetric 

method known as ‘teabag’ method [56]. The teabag method is described in detail in 

Appendix C. The absorption of the SAP is highly dependent on the ionic strength of the 

solution used [57], [58], therefore absorption measurements were conducted on solutions 

with a range of different pH.  

To perform the teabag test, a known quantity of dry SAP was introduced in a dry 

teabag of known mass and absorption. The mass of the teabag with the SAP was then 

recorded. The teabag was then submerged in the prepared solution of known composition 

(and pH) and initial soaking time was recorded. Ten minutes after initial immersion, the 

teabag was removed from the solution and patted on paper towels (to remove the surface 

moisture from the teabag and the SAP), and its mass was recorded. During this step, 

potential agglomerates of dry SAP were dispersed by gently applying pressure with a 

finger. The teabag was then re-introduced into the solution and after 30 minutes from the 

initial moment of immersion, the teabag was again removed and its mass is recorded. The 

masses were then used to calculate the absorption of the SAP through Eq. 15: 

𝛷𝑆𝐴𝑃,30 =
𝑀𝑆𝐷,𝑇𝐵+𝑆𝐴𝑃 − 𝑀𝑆𝐷,𝑇𝐵−𝑀𝐷,𝑆𝐴𝑃

𝑀𝐷,𝑆𝐴𝑃
 

Eq. 15 
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where: ΦSAP,30 is the absorption of the SAP at 30 minutes (g/g), MSD,TB+SAP is the 

mass of the teabag with SAP in the soaked surface dry condition (g), MSD,TB is the mass 

of the teabag alone in the soaked surface dry condition (g), and MD,SAP is the mass of the 

dry SAP (g). 

The absorption of the SAP was tested in water, in simulated pore solutions 

prepared with different molar concentrations of NaOH ranging from 0.01 to 1 M NaOH, 

and in the extracted pore solution. 

 

3.4.3 Desorption behavior of SAPs 

The desorption behavior of the SAP was quantified through two different 

methods: 1) Dynamic Vapor Sorption (DVS) and 2) exposure of the saturated SAP to 

more highly concentrated ionic solutions. These correspond to the two main driving 

factors of SAP desorption in cementitious systems from literature [59]: a) desorption due 

to a reduction in the relative humidity of the cementitious system and b) desorption due 

to an increase in the pore solution ionic strength.  

A dynamic vapor sorption analyzer (TA Q50000; TA Instruments) was used to 

measure the desorption isotherms of the SAP. Changes in the mass of the sample and 

relative humidity were recorded as a function of time. The relative humidity ranged from 

a maximum of 97.5% to a minimum of 0%.  

Three different samples were tested. These samples consisted of SAPs that had 

been soaked in DI water, tap water, and simulated pore solution (0.25 M NaOH solution), 

for 30 minutes. From these samples, a specimen of approximately 50 ± 3 mg was selected 
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and placed in a tared quartz pan, and its weight recorded. The pan was then moved into 

the dynamic sorption analyzer, which was stabilized at 97.5% relative humidity. This 

relative humidity was maintained until the change in mass was recorded to be < 

0.001%/15 min. Once equilibrium was reached, the relative humidity was progressively 

reduced, using 1% humidity steps, until the equilibrium for the 90.5% set point was 

reached. At this point, relative humidity was decreased and maintained at 0% for a period 

of 24 hours, to ensure the total desorption of the SAP.  

Experiments aimed to measure the influence of ionic concentrations changes on 

SAP desorption were conducted using the teabag method. Samples of dry SAP were first 

soaked in a known solution. The absorption of SAP was measured using Eq. 2 and then 

the sample was moved to a second solution of different ionic concentration. The 

absorption of the SAP was measured again after the sample had been immerged in the 

second solution for another 30 minutes. A third step involved the re-placing of the teabag 

in the first solution and the measurement of the ‘recovered’ absorption after 30 more 

minutes of soaking. 

 

3.4.4 Internal relative humidity measurements 

The internal relative humidity at early ages was measured on the mortar samples 

using HygroClips2-S(3)-heated sensors (with RH and temperature sensitivity of ± 0.8% 

RH and ± 0.1 °C at 23 °C, respectively). The sensors were calibrated using supersaturated 

salt solutions [13], comparing the read values with the theoretical relative humidity of the 

salt solutions (potassium sulfate: 97.42 ± 0.48% RH at 23 °C; potassium nitrate: 94.00 ± 
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0.59% RH at 23 °C; potassium chloride: 84.65 ± 0.27% RH at 23 °C; and sodium 

chloride: 75.36 ± 0.13% RH at 23 °C) [34]. A linear correction curve was used to 

calibrate the relative humidity sensors.  

The mortar samples were cast and sealed inside plastic cylinder molds, 22 x 50 

mm, and were stored at a constant temperature of 23 ± 0.1 °C. After 24 hours from 

casting, the samples were demolded from the cylinders and crushed through the use of a 

mortar and pestle. The crushed mortar was then sieved through a 2.38 mm sieve and 

approximately 5 grams of the sieved material were placed inside a 12 mm deep plastic 

cup. The cups were then moved inside water-jacketed stainless steel cylinders, which 

provided control on the temperature of the sample and prevented loss of moisture to the 

environment. The sensors were then mounted on top of the hermetically sealed cylinders. 

Every 24 hours, the samples inside the cylinders were replaced by newly crushed 

material. This was done in order to minimize the loss of moisture to the environment and 

have more realistic measurements for sealed conditions. The temperature and the relative 

humidity were measured with a frequency of 1 data point every 5 minutes. 

 

3.4.5 Autogenous shrinkage measurements 

Autogenous shrinkage tests were performed on mortar samples following ASTM 

C1698  ̶ 09 [60]. Two duplicates of each mixture were cast in corrugated polyethylene 

tubes and sealed through the use of end lids. The linear shrinkages were measured with 

the use of spring loaded DC LVDTs (with sensitivity ± 0.508 mm) installed on stainless 

steel frames. The test was conducted at a constant temperature of 23 ± 0.1 °C for a period 
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of seven days from the time of mixing. The mass of the tubes was recorded at the 

beginning and at the end of the experiment to verify that there were no moisture losses 

during the test. Autogenous shrinkage measurements are shown starting from final set, 

measured for each mixture following ASTM C403/C403M  ̶ 16 [33] where the 

penetration resistance of a cylindrical mortar sample of standard dimensions is 

periodically tested from the time of mixing (set coincides with the time specimen has a 

penetration resistance of 27.58 MPa for a 2.54 cm penetration depth). 

 

3.5 Experimental Results 

3.5.1 Absorption of SAP 

The absorption of the SAP was recorded at four different soaking periods in DI 

water to study the effect of soaking time on the absorption. The results are shown in 

Figure 3-2. At 30 minutes, the absorption value is 90% of the value at 60 minutes, after 

which the increase in absorption is negligible. Therefore, further absorption 

measurements were based on a 30 minute soaking period. These observations on the 

absorption kinetics are broadly similar to others in literature, although the absorption 

kinetics depend on SAP molecular structure and particle size [46], [61] among other 

factors.  
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Figure 3-2: Absorption of SAP in DI water as a function of soaking time. 

 

It must be noted that for concrete, the pore solutions have high ionic 

concentrations[62] and this influences the absorption of the SAP [46], [57]. Figure 3-3 

shows the influence of ionic strength, expressed as pH, on the absorption of the SAP. A 

logistic sigmoidal curve (Eq. 16) was found to fit the absorption data. 

𝛷𝑆𝐴𝑃,30(𝑝𝐻) = 𝛷𝑆𝐴𝑃,𝑀𝐼𝑁 +
(𝛷𝑆𝐴𝑃,𝑀𝐴𝑋 − 𝛷𝑆𝐴𝑃,𝑀𝐼𝑁)

(1 + 10(𝐿𝑂𝐺(𝑝𝐻0)−𝑝𝐻)∗𝑝)
 

Eq. 16 

where ΦSAP,30(pH) is the absorption of the SAP at 30 minutes for a given pH (g/g),  

ΦSAP,MIN is the minimum SAP absorption measured (g/g), ΦSAP,MAX is the maximum SAP 
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absorption measured (g/g), LOG(pH0) is the pH at which the inflection point of the curve 

is located (-), pH is the independent variable (pH), and p is a fitting parameter (-). 

 

Figure 3-3: SAP absorption as a function of pH. 

 

The absorption of the SAP reduces as the ionic concentrations of solutions 

increases, reducing from an average value of 210 (gSolution/gSAP) measured for DI water, to 

a value of 22.85 for the 1 M NaOH solution (pH = 14.0). Such reductions have also been 

noted by other authors and it is hypothesized to be due to a screening effect of the ions on 

the SAP charges [46], combined with a promotion of crosslinking between the polymers.  

The absorption value for the extracted pore solution (pH = 13.2), 28.90 ishigher 

than the 1 M NaOH solution and lies between the values for the 0.1 M NaOH solution 



47 

 

 

 

(36.08) and the value for the 0.5 M NaOH (24.16). These solutions have pH values of 

12.7 and 13.5. The extracted pore solution has a similar absorption behavior to that of the 

simulated solutions having similar pH. This suggests that the presence +2 and +3 ions in 

the pore solution does not change the absorption significantly for this SAP. It is known 

from literature that for some SAPs, divalent and trivalent ions can have a strong effect on 

the absorption, depending on the SAP molecular structure [46].  

The absorption value of the SAP in the pore solution was used in Equation 14 in 

order to quantify the amount of SAP needed by the Bentz and Snyder approach [9]. 

 

3.5.2 Desorption behavior of SAPs 

3.5.2.1 Influence of external relative humidity on SAP desorption 

Figure 3-4 shows the degree of saturation (DOS, the normalized moisture 

content), for the desorption of SAP soaked in DI water, tap water, and simulated pore 

solution (0.25 M NaOH solution). At the start of the test, the SAPs are fully saturated, 

corresponding to a DOS of 1. For the three solutions, most of the moisture is lost during 

the first relative humidity step from 100% to 97.5%. This is an important requirement for 

internal curing applications, where internal curing agents are expected to desorb at high 

relative humidity [63]. Similar to the absorption, the desorption curves are also 

influenced by the solution composition [64]. Stronger ionic solutions reduce the 

maximum desorption of the SAP at each relative humidity level as shown by the higher 

degree of saturation for the 0.25 M NaOH solution and tap water compared to DI water. 

The relative humidity equilibrium of the solution (8.24% at 23°C [34]) is expected to 
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impact the desorption of the SAP soaked in 0.25 M NaOH, by limiting its maximum 

desorption. The DI water and tap water do not show a very large difference in their 

response, presumably because the ionic concentration of the tap water is not that high. 

The inset in Figure 3-4shows the behavior at lower relative humidity values and 

magnifies the difference between the three solutions in their desorption behavior. 

 

Figure 3-4: Degree of saturation of SAP as a function of relative humidity. The inset in 

the figure shows the behavior at low relative humidities in higher detail. 

 

This lower degree of desorption in the simulated pore solution is frequently 

observed and is due to the higher concentration of ions which promote crosslink in the 

SAP [46]. The equilibrium relative humidity for desorbing the sample to a certain degree 
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is then expected to be lower for the strong ionic solutions. Figure 3-5 shows the 

desorption of the SAP soaked with the three different solutions as a function of time. At 

any given time, the degree of saturation is higher in the solution with higher ionic 

strength. Therefore, increasing the ionic strength of the soak solution causes a reduction 

not only in the maximum desorption for a set relative humidity, but results in a slower 

rate of desorption. 

 

Figure 3-5: Desorption of SAP as a function of time. 
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3.5.2.2 Influence of Solution Ionic Strength on SAP desorption  

Moving SAP from solutions with a lower ionic concentration to one with a higher 

ionic concentration was observed to result in rapid desorption of the SAP. The results of 

several such experiments are shown in Table 3-3 (with 30 minutes soaking in each 

solution). In particular, the stronger the difference in ionic concentration, the greater and 

faster is the desorption. The absorption value of the SAP in a strong ionic solution is 

lower than the value when the SAP is first soaked in a lower concentration ionic solution 

for 30 minutes before being moved to the strong ionic solution. This difference is higher 

in case of weaker ionic solutions: 53% for the 0.01 M NaOH solution and 4-5% for the 

0.25 M NaOH. This might be due to a slower ingress of ions inside the SAP due to the 

already present water molecules. Further experiments were done by moving the sample 

back to the initial solution (after a total of 60 minutes of soaking) and these results 

showed that the initial absorption was not reached, probably due to the presence of ions 

inside the SAP, which reduces the absorption by partially crosslinking the polymers.  

 

 

 

 

 



51 

 

 

 

Table 3-3: SAP absorption values after being moved into more concentrated solutions 

(soak time in each solution is 30 minutes) 

Test 

Solution 1 

Absorption 

(g/g) 

Solution 2   

Absorption 

(g/g) 

Solution 1   

Absorption 

(g/g) 

1 
DI water 

0.01 M 

NaOH 
DI water 

207.75 149.82 194.27 

2 
DI water 

0.25 M 

NaOH 
DI water 

209.39 30.18 81.03 

3 

0.01 M 

NaOH 

0.25 M 

NaOH 

0.01 M 

NaOH 

83.24 30.05 53.2 

 

The desorption of the SAP when solution concentration increases is important 

when considering cementitious systems. If SAPs are presoaked in lower concentrated 

ionic solutions, like water, then they would quickly desorb after mixing as the ionic 

concentration of the pore solution increases quickly after mixing [65]. Considering that at 

30 minutes, the pore solution ionic strength can be above 0.25 M NaOH [65], a large 

portion of the water in the SAP would desorb rapidly. Calculations not shown here reveal 

that this could result in increases of w/c of over 0.07, which could significantly affect the 

fresh paste rheology.  

 

3.5.3 Internal relative humidity of mortar systems  

Internal relative humidity measurements of the mortars with various fractional 

replacements of the SAP are shown in Figure 3-6. As the SAP replacement increases, the 
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relative humidity increases at a given age. At the highest SAP replacement (100%), the 

relative humidity is almost constant (approximately 97%) and does not drop significantly 

in the first seven days of measurement. These results indicate that the internal relative 

humidity of the system, even at early ages, is affected by the total volume of SAP [66], 

with higher replacements providing larger benefits to the system [67]. However, using 

fractional amounts of SAPs also provides benefits in terms of relative humidity. As an 

example, using 75% of the theoretical SAP amount results in a relative humidity value 

which drops very slowly and is still above 92% at 7 days. These results are consistent 
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with previous studies where it was showed that higher SAP replacements helped slowing 

down the reduction in RH at early ages[51]. 

 This increase in relative humidity would be especially effective in the case of low 

w/c mixtures, where the self-desiccation process is faster, and the available volume of 

free water necessary to fill the pores is lower (with respect to higher w/c mixtures) [13].  

 

Figure 3-6: Internal relative humidity of mortar samples as a function of sample age and 

SAP fractional replacement. 
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3.5.4 Autogenous shrinkage in mortars 

Figure 3-7 shows the autogenous shrinkage in the mortars with various fractional 

replacements of the SAP. As with the relative humidity measurements, higher 

replacements provide larger beneficial effects to the system; however, even with low 

replacements ratios, we still obtain a large fraction of the benefits coming from full 

replacement. The systems with 50% and 75% of the theoretical SAP amount only show a 

very small autogenous shrinkage at seven days, with a reduction of 98% and 78% in 

autogenous shrinkage, respectively, with respect to the 0% SAP mixture, , when the 

initial expansion is included. The 25% SAP reduced the final shrinkage value by almost 

55%, if the initial expansion is included, when compared to the mortar without SAP. The 

initial expansions, which is typical of internally cured concrete [46], are likely caused by 

a combination of thermal expansion [53] and sudden release of internal curing water from 

the SAP after set occurred. The internal relative humidity and autogenous shrinkage 

follow very similar trends, suggesting a strong correlation between the two [67]. For 

both, a lower volume of internal curing water increases the rate at which the system runs 

out of available water. This is manifested as a more rapid reduction in relative humidity 

and a higher measured shrinkage for lower SAP fractional replacements.  
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Figure 3-7: Autogenous shrinkage of mortar samples as a function of sample age and 

SAP fractional replacement. 

 

Considerations on the desorption mechanism of SAP in cementitious systems can 

be made from combing the results from the desorption experiments, the relative humidity 

measurements, and the autogenous shrinkage measurements. For the purpose of mixture 

design, the absorption value of the SAP in the pore solution at 30 minutes (28.90) was 

used. If the SAPs initially absorb a value similar to this value, then their desorption as the 

ionic concentration of the pore solution increases would not be very large, considering 

the absorption value in a much stronger solution (the 1 M NaOH) is not that much 

smaller (22.85). However, a reduction in the relative humdity would cause a continuous 



56 

 

 

 

desorption of the SAP. A continous desorption of the SAP is consistent with the relative 

humidity and autogenous shrinkage results, which indicate that the SAPs continue to 

desorb through the duration of the tests. Therefore, one may tentatitively conclude that, at 

least for this SAP, the desorption is more likely driven by a relative humidity reduction 

than by an increase in the external solution ionic strengths [68]. However, the desorption 

of SAP in cement pastes is more complicated than in solutions and can be influenced by 

other factors [69], so further experiments need to be carried out to test the validity of this 

hypothesis.  

 

3.5.5 Internally cured mixtures design model 

Bentz and Snyder [53] proposed a mixture design methodology for internally 

cured concrete mixtures where the volume of internal curing water provided in the 

mixture is equal to the volume of chemical shrinkage. This paper examines an alternative 

methodology based on providing a sufficient volume of water to maintain fluid filled 

pores of a specific size (42 nm). Toward this effort, the pore size distribution was 

measured for the corresponding paste at one, seven, and 28 days. The 7-day pore size 

distribution was used for the calculations shown here. The relative humidity was 

measured for the 0% mortar (i.e., without internal curing agents). This relative humidity 

was used to determine the size of pores emptied due to self-desiccation. In order to 

quantify the amount of water needed for the proposed design methodology, the water 

needed to fill the volume of pores between the size of the pores between those emptied by 

self-desiccation and 42 nm (the pore volume that corresponds to 97.5% RH) is proposed. 

The 97.5% value was chosen as it represents the highest relative humidity that can be 
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reached during desorption experiments. This water will in principle minimize the amount 

of water used for the greatest amount of shrinkage reduction. The objective of this 

methodology is to calculate the volume of water necessary to fill up only the pores up to 

42 nm at the age of 7 days and ignore the volumes of the larger pores as shown in Figure 

3-8. While the pore radius is estimated through Kelvin Laplace equation, the pore volume 

in between the radii intervals is known. 

 

Figure 3-8: Schematic representation of the new proposed design methodology based on 

pore size distribution calculations. 

 

While this schematic illustrates what would happen in theory, a portion of the 

provided internal curing water does not seem to be available for filling in the pores. This 
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is confirmed by the fact that the total volume of water needed to fill the vapor filled pores 

up to 42 nm at 7 days is smaller than the lowest partial internal curing volume provided 

to the mixtures (i.e. 25% CS). By this logic, 25% of the internal curing water should have 

been enough to reduce the shrinkage by almost 90%, which is not true, according to the 

experimental measurements. This lack of availability of internal curing water towards 

pore filling is also confirmed by relative humidity measurements. Figure 3-9 shows the 

relative humidity that is measured in the mortars up to an age of 7 days, as a function of 

the SAP volume replacement. A secondary axis on the graph defines, for each measured 

relative humidity, the corresponding Kelvin radius (for the filled pores) calculated 

through Kelvin Laplace equation. For the calculation of the pore radius, Eq.17 was used 

[38]: 

𝑟 =
2𝛾𝑉𝑚

𝑅𝑇𝑙𝑛(𝑅𝐻)
 Eq. 17 

where γ is the surface energy of the water (0.072284 N/m), Vm is the molar volume of 

water (1.8·105 mol/m3), R is the ideal gas constant (8.3145 N·m/mol·K), T is the 

temperature (K), and RH is the relative humidity in decimal form. 

  None of the systems actually reach the target radius of 42 nm and there is a large 

difference between the expected filled pore radius and the actual filled pore radius, 

confirming that only a fraction of the additional internal curing water provided by the 

SAP is available as free water in the system. Nevertheless, for all the volume 

replacements we see benefits in terms of autogenous shrinkage reduction and increased 

relative humidity (Figure 3-6 and Figure 3-7). 
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Figure 3-9: Measured relative humidity and Kelvin Pore Radius for the filled pores at 7 

days for the different volume replacements of SAP. 

 

This discrepancy can be resolved by considering several additional factors which 

contribute in taking up the portions of the internal curing water, as described in Eq. 18: 

𝑉𝐼𝐶 = 𝑉𝑝𝑣 + 𝑉𝛼 + 𝑉𝜓 + 𝑉𝑜𝑡ℎ𝑒𝑟 
Eq. 18 

where VIC is the total volume of chemical shrinkage water (ml/gcem), Vpv is the volume of 

internal curing water ending up filling the pores (ml/gcem), Vα is the volume of internally 

cured water chemically bound, due to an increase in the degree of hydration, (ml/gcem), 

Vψ is the volume of internal curing water not desorbed by the agent (ml/gcem), and Vother 



60 

 

 

 

is a volume which includes other unknown factors that participate in the consumption of 

internal curing water (ml/gcem). 

Following the same approach described in Chapter 2, the model was modified to 

include the additional internal curing water consumption as described in Eq. 3. An 

additional volume of water, based on three different assumed increases in the degree of 

hydration, 0%, 5% and 10%, was calculated assuming a consumption of 0.23 ml per gram 

of cement, as described by Eq. 19: 

𝑉𝛼 = 0.23 ∙ 𝐷𝑂𝐻𝑖 Eq. 19 

where DOHi is the increased degree of hydration (-). 

The volume of undesorbed internal curing water from the SAP at the age of 7 

days, was calculated using the desorption isotherm for the simulated pore solution 

(Figure 3-4) as shown in Eq. 20: 

𝑉𝜓 =
(𝑉𝑝𝑣 + 𝑉𝛼)

(1 − 𝐷𝑂𝑆𝑆𝐴𝑃(𝑅𝐻))
 𝐷𝑂𝑆𝑆𝐴𝑃(𝑅𝐻) 

Eq. 20 

where DOSSAP(RH) is the degree of saturation of the SAP at a set relative humidity (-). 

The isotherm associates a degree of saturation of the SAP to each relative 

humidity level. Finally, the sum of these three volumes, was normalized to the chemical 

shrinkage at 7 days, measured to be 70% of the final value, in order to take into account 

the only partial self-desiccation that occurs at 7 days. Eq. 21 shows the calculation of the 

fraction of chemical shrinkage water for a target shrinkage reduction: 
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𝑉𝐼𝐶

𝑉𝐶𝑆,𝐹𝑖𝑛𝑎𝑙
=

𝑉𝑝𝑣 + 𝑉𝛼 + 𝑉𝜓

𝑉𝐶𝑆,7 𝐷𝑎𝑦
 

Eq. 21 

where: VCS,Final is the ultimate chemical shrinkage (ml/gcem), and VCS,7 Day is the partial 

chemical shrinkage at 7 days. 

While still overestimating the final shrinkage reduction, the aforementioned 

corrections reduce the difference with respect to the previous case and predict values of 

shrinkage reduction much closer to the actual experimental ones. The results seem to 

indicate that the increased in degree of hydration, likely depends on the SAP dosage 

(Figure 3-10). 
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Figure 3-10: Comparison between the predictions of the model and experimental 

measurements. 

In addition to the previously discussed method, an alternative approach was 

investigated in order to predict the theoretical shrinkage reduction. This approach uses 

the experimentally measured relative humidity values at seven days, in combination with 

the shrinkage reduction factor, R, in order to estimate the predicted shrinkage, as shown 

in Eq. 22: 

𝜀𝑇(𝑥%, 7𝐷) = 𝜀(0%, 7𝐷)(1 − 𝑅) = 𝜀(0%, 7𝐷) (1 − 1 +
𝑃𝑉(𝑟𝑥)𝑟0

𝑃𝑉(𝑟0)𝑟𝑥
)

= 𝜀(0%, 7𝐷)
𝑃𝑉(𝑟𝑥)𝑟0

𝑃𝑉(𝑟0)𝑟𝑥
 

Eq. 22 
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where 𝜀𝑇(𝑥%, 7𝐷) is the theoretical shrinkage for x% volume replacement with respect 

to the total chemical shrinkage (microstrain), 𝜀(0%, 7𝐷) is strain at 7 days for the non-

internally cured mixture (microstrain), and R is the shrinkage reduction function, as 

shown in Eq. 23:  

𝑅 = 1 −
𝑃𝑉(𝑟𝑥)𝑟0

𝑃𝑉(𝑟0)𝑟𝑥
 

Eq. 23 

where the x subscript indicates the amount of SAP present and 0 subscript indicates the 

system without SAP, PV(r) is the cumulative filled volume of the paste (ml/gcem), and r is 

the Kelvin radius representing the largest filled pore (nm). 

Figure 3-11 shows the comparison between the reduced autogenous shrinkage 

measurements, zeroed at 1 day in order to exclude the initial expansion, and the predicted 

shrinkage, shown at 7 days. The results from the model show a good agreement with the 

experimental data, although the predicted values show slightly lower shrinkage reduction. 

From this analysis, it seems that the paste pore size distribution, combined with relative 

humidity measurements, are efficient tools to predict the impact of internal curing in 

terms of shrinkage reduction. 
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Figure 3-11: Comparison between autogenous shrinkage measurements and predicted 

autogenous shrinkage.  

 

Figure 3-12 shows the autogenous shrinkage measurements of the mixtures at 

seven days as a function of the fractional SAP replacement, excluding the initial 

expansion. The figure shows experimental data along with predicted values that were 

obtained by using modified models with three different assumptions regarding the 

additional degree of hydration, 0%, 5% and 10%. In addition, the values predicted 

through Eq. 20 are shown. The plot shows an increasing reduction of the shrinkage as the 

volume of SAP replacement increases, which is expected. At 100% SAP replacement, 

there is still some shrinkage. It is clear from the figure that using fractional replacements 



65 

 

 

 

of the SAP results in significant reduction of the autogenous shrinkage. While the 

predictions from the models considering increased degree if hydration show better 

agreement with the experimental data, work still needs to be done in order to investigate 

the role of additional components that contribute to the consumption of the full internal 

curing water provided. 

 

 

Figure 3-12: Autogenous shrinkage at 7 days for increasing SAP volume replacements. 
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3.6 Conclusion 

In this study, properties of cementitious mixtures with various amounts of a 

superabsorbent polymer (SAP) were characterized.  

 The ionic concentration of the solution has a strong influence on the absorption 

behavior of the SAP, with stronger ionic solutions resulting in lower absorption.  

 The ionic concentration of the solution has a strong influence on the desorption 

behavior of the SAP, leading to a slower desorption of the SAP at a given relative 

humidity.  

 The SAP provides internal curing water which results in higher internal relative 

humidities and lower autogenous shrinkage in mortars.  

 Fractional replacements of SAP still provide considerable benefits, as providing 

25% of the chemical shrinkage volume in terms of internal curing water results in 

a 54% of autogenous shrinkage reduction in the first seven days, when compared 

to the 0% SAP case. This indicates that a reduction on the amount of SAP to 

include in the mixture is possible while still maintaining a large portion of the 

benefits coming from a full replacement (which substitutes the chemical 

shrinkage volume with an equivalent volume of internal curing water).  

 Autogenous shrinkage data at seven days was compared with a previously 

developed model which aims to predict the shrinkage reduction that comes from 

partial internal curing. The model is based on providing a sufficient volume of 

water to maintain fluid filled pores of a specific size (42 nm). Experimental data 

indicates that only a fraction of the internal curing water ends up filling the vapor 

filled pores: other factors participate in the consumption of the available internal 
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curing water, such as increased degree of hydration, partial desorption of the SAP 

and partial chemical shrinkage at early ages. The model was modified to take into 

account these additional volumes and it results in a better agreement with the 

experimental data, although the predicted shrinkage values are slightly lower than 

the actual ones.  

 An additional method, which uses the shrinkage reduction factor ‘R’ and the 

relative humidity measurements at 7 days can also be used to accurately predict 

experimental autogenous shrinkage data at 7 days.  
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4 Conclusions 

This thesis examined internal curing in cementitious mortars. Specifically, the 

thesis explored the hypothesis that a volume of internal curing water can be used to 

effectively internally cure concrete that is smaller than that currently used in the typical 

state of the practice which is based on the volume of chemical shrinkage [1], [13] .  This 

has specific practical applications for cost and constructability when large volumes of 

internally cured materials are needed.  This paper proposes the development of a new 

mixture design methodology that considers the pore size distribution to quantify the 

volume of internal curing water needed for a reduction in shrinkage. 

The results show the benefits of using a reduced volume of internal curing water 

with respect to the volume of chemical shrinkage in both lightweight aggregates (LWA) 

and superabsorbent polymers (SAP) systems. The main observations from this study are: 

 Lower w/c mixtures show a greater benefit from internal curing than mixtures 

with a higher w/c in terms of autogenous shrinkage reduction. Providing internal 

curing water reduces the volume of vapor filled space that develops when 

compared with a conventional mixture. This enables pores of larger radius to 

remain filled as the cement keeps hydrating.  The presence of desorbed internal 

curing water is reflected in a higher measured relative humidity and a reduction in 

the measured autogenous shrinkage. 

 Mixtures where a portion of the cement was replaced with supplementary 

cementitious materials showed a lower need for internal curing water at early 

ages. This is due to a dilution in the cement and a low degree of reactivity of the 

SCM. 
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 Bentz and Snyder [9] proposed that the volume of internal curing water that 

should be used for internal curing is equivalent to the volume of chemical 

shrinkage. However, providing a portion of the internal curing water results in 

increased relative humidity and reduced autogenous shrinkage. 

Superabsorbent polymers (SAP) were studied as an alternate to lightweight aggregate 

as an internal curing agent. Characterization of the SAP in terms of absorption and 

desorption studies were performed and the main observations are: 

 The ionic concentration of the soaking solution influences the absorption and 

desorption for the SAP. 

 Highly concentrated ionic solutions reduce the absorption of the superabsorbent 

polymer. 

 Highly concentrated ionic solutions reduce the rate of desorption of the 

superabsorbent polymer. 

 Highly concentrated ionic solutions reduce the maximum release of water at a 

given relative humidity with respect to lower concentration solutions. 

 Moving the superabsorbent polymer to a highly concentrated solution causes its 

partial desorption, until absorption equilibrium is reached. 

A new design methodology for internally cured mixture was explored. This 

methodology was based on the calculation of internal curing water that would be needed 

to fill the vapor filled pores to a specific size, in order to reduce the shrinkage of the 

cementitious system.  
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 For a given volume of internal curing water, only a fraction of the water actually 

fills the vapor filled pores. As such the internal curing water can be divided into 

three parts. 

o First, a fraction of the water is used to fill the vapor filled pores in the 

paste. 

o Second, a fraction of the internal curing water participates in additional 

hydration and reaction, becoming bound and therefore it is not available to 

fill the pores. 

o Third, a fraction of the internal curing water is not desorbed and remains 

inside the internal curing agent. This amount can be calculated from the 

desorption isotherm of the internal curing agent. 

Other contributing factors in the sharing of the water can be: reabsorption of 

water in hydrated phases and slow desorption kinetics. When these factors are taken into 

account, the model shows better agreement with the experimental data. 
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Appendices 

Appendix A 

In this section additional measurements performed on the internally cured 

mixtures with FLWA are reported. 

 

Chemical Shrinkage 

Chemical shrinkage tests were performed according to ASTM C1608  ̶ 12 [29]. 

Samples of paste were prepared following ASTM C305  ̶ 14 [28]. The cementitious 

materials were mixed with deionized water at 23 ± 0.1 °C. The paste was cast inside 25 

ml glass vials, of size 25x50 mm. Approximately 3 to 5 g of sample was placed inside the 

vial. The empty volume of the vial was then filled with deionized water and a hollow 

rubber stopper with an inverted glass pipette of 1 ml capacity was used to seal the vial, 

ensuring that no air bubbles were trapped during the process. By applying pressure to the 

stopper during the insertion, part of the deionized water filled the pipette to the top. Using 

a syringe, a small amount of transmission fluid of red color was added from the top of the 

pipette. This minimized any evaporation of water from the system and the red color 

provided a location reference for the automated photo-data acquisition system.  

Three duplicate samples for each of the paste systems were studied in this test. 

The prepared samples were mounted on a plastic frame on the top of a water bath, with 

the vials completely submerged under the water, which was maintained at a constant 

temperature of 23 ± 0.1 °C. 
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The changes in volume of the samples were tracked through the use of an 

automated webcam, with resolution higher than 1.3 megapixels, and a software that 

recorded the change of location of the transmission fluid inside the pipette as a function 

of time. Snapshots of the samples were recorded with a frequency of 1 image every 10 

minutes [31]. Figure 0-1 shows the chemical shrinkage measurement setup. 

 

 

Figure 0-1: Chemical Shrinkage measurement setup. 

 

Figure 0-2 shows the measured chemical shrinkage for the OPC and the ternary 

systems (Table 2-1) for the first 7 days after mixing. 
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Figure 0-2: Chemical shrinkage measurement in the first 7 days for the OPC and the 

ternary systems 

 

FLWA Absorption 

The absorption capacity of the FLWA was measured using the centrifuge method 

[27]. A sample of 600 grams of oven dried FLWA was soaked inside a 10x20 cm (4x8’’) 

plastic cylinder filled with tap water for periods which were multiples of 24 ± 1 hours. 

Once this period of time was reached, the extra water was removed from the cylinder and 

the saturated FLWA were moved inside a bowl and the surface moisture was removed by 

following the centrifuge procedure [27].  



81 

 

 

 

Figure 0-3 shows the measured absorption of the FLWA as a function of soaking 

time. The absorption of FLWA at 24 hours was measured to be 10.5%. 

  

Figure 0-3: Absorption of FLWA as a function of soaking time. 

 

Effect of Inclusion of FLWA on Compressive Strength 

Compressive strength was tested using 2.54 x 2.54 x 2.54 cm3 cube specimens for 

the OPC systems with different replacement levels of FLWA at three different ages: 1, 7 

and 18 days. The measurements show rather limited influence of the lightweight 

aggregates on the compressive strength of the systems, especially at 18 days (Figure 0-4). 
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The higher porosity of the internally cured systems is out-matched by a higher degree of 

hydration of the cement and a refinement of the ITZ [13]. 

 

Figure 0-4: Compressive strength for different volume replacements of FLWA at the age 

of 1, 7 and 18 days. 

 

Mini Dual Rings 

Mini dual rings were used to monitor the strain of mortars specimens with 

different levels of replacement of FLWA. The mortars systems were cast inside three 

different invar dual rings apparatus, each characterized by a different level of restraint, 
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immediately after mixing [70]. Figure 0-5 shows the schematic of the dual ring with the 

corresponding notation [71]: 

 

 

Figure 0-5: Dual ring set geometry and notation [71]. 

 

The rings were isolated from the external environment inside a wooden box and 

kept at constant temperature of 23 ±0.1°C for a period of 6 days. The strain of the rings, 

measured from the gages, was registered with a frequency of 1 measurement/minute. 

Figure 0-6 shows the set of small dual rings setup used for residual stress measurements. 
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Figure 0-6: Invar small dual rings used for residual stress measurements. 

 

Each of the rings is characterized by a different level of restraint, controlled by 

their thickness, the elastic moduli of the samples and the ring metal and their Poisson’s 

ratios, as described in Eq. 24 [71]: 

ψ = 1 −  
𝐸𝐶

𝐸𝑆
 ·  

1

𝐸𝐶

𝐸𝑆
−

1 − (
𝑅𝐼𝐼

𝑅𝐼𝐶
)

2

1 − (
𝑅𝑂𝐶

𝑅𝐼𝐶
)

2 ·
[(1 + 𝜐𝐶) · (

𝑅𝑂𝐶

𝑅𝐼𝐶
)

2

+ (1 − 𝜐𝐶)]

[(1 + 𝜐𝑆) · (
𝑅𝐼𝐼

𝑅𝐼𝐶
)

2

+ (1 − 𝜐𝑆)]

 

Eq. 24 

where: Ec is the elastic modulus of the cementitious mixture (GPa), Es is the elastic 

modulus of the ring metal (GPa), υc is Poisson’s ratio for concrete (or in this case of the 
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morar) (-), υs is Poisson’s ratio for the ring metal (-), and ψ is the degree of restrain (-). 

The Ri terms refer to the radii of the rings, as reported in Figure 0-5(m). The residual 

stress can be calculated from the ring measured strain through Eq. 25 [71]: 

𝜎 = −𝜀𝐼𝑁𝐸𝐼𝑁𝑉𝐴𝑅 (
𝑅𝐼𝐶

2 − 𝑅𝐼𝐼
2

2𝑅𝐼𝐶
2 ) (

𝑅𝑂𝐶
2 + 𝑅𝐼𝐶

2

𝑅𝑂𝐶
2 − 𝑅𝐼𝐶

2 )

− 𝜀𝑂𝑈𝑇𝐸𝐼𝑁𝑉𝐴𝑅 (
𝑅00

2 − 𝑅𝑂𝐶
2

2𝑅𝑂𝐶
2 ) (

2𝑅𝑂𝐶
2

𝑅𝑂𝐶
2 − 𝑅𝐼𝐶

2 ) 

Eq. 25 

Figure 0-7 and Figure 0-8 report the residual stress developed by the OPC mortar 

mixture with a w/c of 0.36 and the ternary w/cm 0.36 systems, respectively, during the 

first 6 days from mixing, with different FLWA volume replacements. The mixture 

proportions are described in Table 2-1. As previously seen for the autogenous shrinkage, 

although both the systems are designed with the same w/cm, the ternary system develops 

less stress at these early ages. This is due to a reduced reactivity of the fly ash at early 

ages, which results in a lower consumption of water and a smaller formation of vapor 

filled pores. 
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Figure 0-7: Residual stress during the first days with partial FLWA volume replacements 

on the OPC system (w/c = 0.36). 
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Figure 0-8: Residual stress during the first days with partial FLWA volume replacements 

on the ternary system (w/cm = 0.36). 
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Appendix B 

In this section additional measurements performed on SAP and the SAP internally 

cured mortars, which are not reported in Chapter 2 are reported. 

 

Influence of Inclusion of SCMs on SAP absorption 

A potential influence on the absorption capacity of SAP due to SCM replacements 

was explored. A set of pastes, with different SCMs volume replacements was designed. 

The pore solution was extracted from each of the designed mixtures at 30 minutes from 

mixing. Figure 0-9 (a) and (b) show the influence of increasing volumes of SCMs on the 

ionic concentration of the pore solutions extracted at 30 minutes from mixing. The ionic 

concentration measurements were conducted with the use of a XRF spectrometer [72] 

and show a decrease in ionic concentrations with increasing SCMs replacements, with the 

exception of calcium which follows an opposite trend. 



89 

 

 

 

 

 



90 

 

 

 

 

 

Figure 0-9: Ionic concentrations with increasing volume replacements of (a) Fly ash and 

(b) slag. 

 

Figure 0-10 shows the absorption values of the SAP, measured on the pore 

solutions extracted at 30 minutes from the different mixtures. 
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Figure 0-10: Influence of SCM volume replacements on absorption capacity of SAP. 

  

The average absorption capacity measured was 28.9 g/g with a standard deviation 

of 0.68. The absorption capacity does not appear to depend on the SCM volume 

replacement and on the composition of the pore solution. Figure 0-11 shows the impact 

of the measured experimental error, expressed as ‘n’ standard deviations, on the water-to-

cement ratio of the cementitous system. 
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Figure 0-11: Impact on w/c of experimental standard deviation error from the SAP 

absorption experiments. 

 

Impact on w/c in case of Premature Desorption of SAP 

The desorption of the SAP in presence of high ionic concentration solutions is of 

great importance in the case of a cementitious system. These systems are characterized by 

a highly alkaline pore solution since early ages and water pre-soaked polymers would 

quickly desorb right after mixing. This sudden release of water would happen before set, 

ending up modifying the w/c of the system. Equation 26 predict the impact on the w/c of 

the OPC system used in this study from the pre-set desorption of pre-soaked SAPs: 
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𝑤

𝑐 𝑚𝑎𝑥
=

𝑤 + (𝛷𝑆𝐴𝑃,𝑃𝑟𝑒 − 𝛷𝑆𝐴𝑃,𝐸𝑞) ∗ 𝑀𝑆𝐴𝑃,𝑃𝑟𝑒

𝑐
 Eq. 26 

where w/cmax is the maximum theoretical water-to-cement ratio that we obtain through 

the pre-set desorption of the SAPs [-], w is the design water calculated for a cement 

content of 620 kg/m3 and a water to cement ratio of 0.36, ΦSAP,Pre is the SAPs pre-soaked 

absorption capacity [g/g], ΦSAP,Eq is the absorption capacity of the SAPs at equilibrium 

with the pore solution (here assumed to be 28.9 g/g), MSAP,PRE is the lb per yd3 of SAPs 

calculated through Bentz and Snyder approach, using the pre-soaked absorption value 

and c is the cement content (620 kg/m3). Figure 0-12 shows the impact on the w/c with 

the variation of the pre-soaked absorption caapcity of the SAPs. The maximum value of 

pre-soaked absorption was assumed to be 210, which corresponds to the absorption 

capacity of the SAPs when soaked in DI water. This calculations shows that by pre-

soaking this type of SAP, using, for example, water, would have an impact of almost 0.06 

w/c on the cementitious system. 
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Figure 0-12: Impact on w/c in case of pre-set desorption of pre-soaked SAP. 

 

Effect of Inclusion of SAP on Compressive Strength 

Compressive strength was tested using 2.54 x 2.54 x 2.54 cm3 cube specimens at 

three different ages: 1, 7 and 18 days. The test was conducted in order to verify whether 

the inclusion of SAPs inside the system would affect its compressive strength. The results 

from the test show an initial loss of almost 50% for the 100% SAP system, with respect 

to the 0% SAP, which is then partially recovered (Figure 0-13). This is possibly due to 

the increased degree of hydration in the 100%SAP system with respect to the 0% and 

50% SAP systems. 
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Figure 0-13: Influence of % SAP volumes on compressive strength. 

 

 

 

 

 



96 

 

 

 

Appendix C 

In this section, the standard operating procedure which was used for the teabag 

method for fluid absorption measurements in superabsorbent polymers, is presented. 

Although at the time of this thesis submission this procedure has not been submitted, this 

section is written in a format that will enable it to be submitted to the American 

Association of State Highway Testing Officials (AASHTO). 

Standard Method of Test for 

Quantifying Superabsorbent Polymer Absorption  

1. SCOPE 

 

1.1.  This test method covers the procedure for quantitative determination of the 

absorption of superabsorbent polymers.  

 

1.2. The values stated in SI units are to be regarded as the standard. 

 

1.3. This standard does not purport to address all of the safety problems, if any, 

associated with its use. It is the responsibility of the user of this standard to 

establish appropriate safety and health practices and determine the 

applicability of regulatory limitations prior to use.  

 

2. REFERENCED DOCUMENTS 

  

2.1. AASHTO Standards: 

M 231, Weighing Devices Used in the Testing of Materials 

 

2.2. ASTM Standards: 
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 D 1193, Reagent Water 

 

2.3. Other Standards: 

 Reagent Chemicals, Specifications and Procedures for Reagents and 

Standard-Grade Reference Materials, Committee on Analytical Reagents of 

the American Chemical Society 

 

3. SUMMARY OF TEST METHOD 

 

3.1. This test method covers the procedure for quantitative determination of the 

absorption of superabsorbent polymers.  

 

3.2. As the absorption of the superabsorbent polymers is highly dependent on the ionic 

strength of the solution being used [73], the type of solution to be used for the experiment 

needs to be chosen depending on the final application of the superabsorbent polymers.  

  

3.3. A known quantity of superabsorbent polymer is introduced in a dry teabag of 

known mass and absorption. The mass of the teabag with the superabsorbent polymer is 

then recorded and the teabag is folded one to two times in order to reduce its volume. The 

teabag is then submerged in the prepared solution of known composition. After ten 

minutes of immersion, the teabag is removed from the solution and, after the patting, its 

mass is recorded. Potential agglomerates of dry superabsorbent polymers are dispersed by 

very gently applying pressure with a finger. The teabag is then re-introduced into the 

solution and. After 30 minutes from the start of the test, the teabag is again removed and 

its mass is recorded. These quantities are then used to calculate the absorption of the 

superabsorbent polymer. 

 

3.3. This specific standard is written for the application of superabsorbent polymer in 

cementitious systems. 

 

4. SIGNIFICANCE AND USE 

 

4.1. This test method is used for the determining the amount of solution that 

superabsorbent polymers can theoretically absorb when they are introduced in a fresh 

cementitious system. 
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4.2. Calculating the amount of solution that can be initially absorbed by the 

superabsorbent polymers is important in order to include this amount in the mix design.  

 

5.  APPARATUS 

 

5.1.  Glass beaker – A 250 ml glass beaker in which the solution to be used can be 

poured. 

 

5.2.  Teabag – A commercial teabag with size approximately 50 mm long and 50 mm 

wide.  

 

5.3. Balance – Analytical balance, Class A, conforming to the requirements of 

AASHTO M 231to weigh the powder and the solution. The balance must have a 

precision of 0.1 mg. 

 

5.4. Paper Towels – Common use paper towels. 

 

6.  SAMPLE PREPARATION 

 

6.1. Reagents – Reagent grade chemicals shall be used in all tests to prepare solutions. 

Unless otherwise indicated, all reagents shall conform to the specifications of the 

Committee on Analytical Reagents of the American Chemical Society.  

 

6.2. Water – Unless otherwise indicated, water used shall be Type II reagent water in 

accordance with ASTM D 1193. 

 

6.3. Solution – The solution needs to be prepared in conformity with the aim of the 

experiment. The solution can be either a simulated pore solution or an actual extracted 

pore solution extracted at early age. By following the procedure described in this 

standard, 30 g of solution should be adequate for the completion of the experiment.  
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Note 1 -  Simulated pore solutions depend on the nature and mix design of the final 

concrete, but typically they contain sodium, potassium, calcium, sulfate, and hydroxide 

ions.   

 

6.4.    Superabsorbent polymers – The superabsorbent polymers used for this 

experiment must be at an initial dry state. 

 

6.5. Teabag absorption – Fill a clean glass beaker with approximately 30 g of 

the same solution for which the measurement of the superabsorbent 

polymer absorption is intended. Measure the mass of the dry teabag. 

Immerse the teabag in the solution and record the time of immersion. After 

30 minutes from the time of immersion, extract the soaked teabag and tap it 

on paper towels for a total of eight times, alternating the side of the teabag 

for each tap. Record the mass of the teabag as soaked surface dry mass. 

The absorption of the teabag is then measured as: 

 

𝛷𝑇𝐵,30 =
𝑀𝑆𝐷,𝑇𝐵 − 𝑀𝐷,𝑇𝐵

𝑀𝐷,𝑇𝐵
 (1) 

where: 

ΦTB,30 =   absorption of teabag at 30 minutes, g/g 

MSD,TB =   mass of teabag in soaked surface dry condition, g 

MD,TB  =   mass of dry teabag, g 

 

7.  TESTING PROCEDURE 

 

7.1. Weigh 50 ± 0.5 mg of dry superabsorbent polymer. 

 

7.2. If the teabag is larger than 50 mm long and 50 mm wide, reduce the size of 

the teabag by cutting it to approximately 50 mm long and 50 mm wide.  

 

7.3. Measure the mass of the cut teabag. 

 

7.4. Introduce the superabsorbent polymer inside the teabag and weigh the mass of the 

teabag with superabsorbent polymer. 
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7.5. Measure 30 g of solution in a beaker. 

 

7.6. Fold the teabag with superabsorbent polymer one to two times, in order to reduce 

its volume, and introduce it inside the solution, making sure that the teabag is submerged 

under the solution. Record the time of immersion. Cover the beaker with a material 

similar to saran wrap, to ensure that the pore solutions or simulated pore solutions do not 

carbonate. 

 

7.6.2. After ten minutes of immersion time, extract the soaked teabag.  

 

7.6.3. Unfold the teabag and tap it on dry paper towels eight times, alternating 

each time the side of the teabag being tapped. This process ensures surface 

dry conditions for the teabag and SAPs. 

 

7.6.4. Record the soaked surface dry mass of the teabag with superabsorbent polymer. 

 

7.6.5. Ensure that the superabsorbent polymer are well dispersed in the teabag and do 

not form any dry agglomerates. Agglomerates are easily detectable thanks to their white 

coloration. If any agglomerate is located, disperse it with a finger by gently applying 

pressure on them. 

 

7.6.6. Re-soak the teabag with superabsorbent polymer inside the solution after folding 

it one to two times. 

 

7.6.7. After thirty minutes from the immersion time, remove the soaking teabag from 

solution and repeat task 7.6.3. and 7.6.4. 

 

Note 1 -  Although this standard is written for a test time of thirty minutes, the 

absorption of superabsorbent polymers depends on their molecular structure and the 

nature of the solution, this time may vary widely [73]. Therefore, if required,  the test can 

be continued for a longer time, till the absorption plateaus.   

 

8. CALCULATION AND INTERPRETATION OF RESULTS  
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8.1. Once the mass at 30 minutes from time of immersion is collected, absorption 

of the superabsorbent polymer can be calculated as follows: 

 

𝛷𝑆𝐴𝑃,30 =
𝑀𝑆𝐷,𝑇𝐵+𝑆𝐴𝑃 − 𝑀𝐷,𝑇𝐵(1 + 𝛷𝑇𝐵,30) − 𝑀𝐷,𝑆𝐴𝑃

𝑀𝐷,𝑆𝐴𝑃

 (2) 

 

where: 

ΦSAP,30  =   absorption of SAPs at 30 minutes, g/g 

MsD,TB+SAP  =   mass of soaked surface dry teabag and superabsorbent polymer, g 

MD,TB   =   mass of dry teabag, g  

MD,SAP   =   mass of dry superabsorbent polymer, g 

ΦTB,30  =   absorption of teabag at 30 minutes, g/g 

 

8.2. Example calculation –  

 

The absorption of the teabag must be calculated at the beginning of the experiment. 

Figure 1 shows the process of removing surface moisture from the teabag by tapping it 8 

times on dry paper towels. To calculate the teabag absorption follow the steps described 

in section 6.3. 

 

 

Figure 1 – Tapping of the wet teabag during the absorption calculation process 
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Once the absorption of the teabag has been calculated, select a different dry teabag; 

weigh it and introduce the weighed dry SAPs inside it, as shown in Figure 2. 

 

 

Figure 2 – Introduction of dry SAPs inside the dry teabag 

 

At this point re-measure the weight of the teabag + SAPs and submerge them in the 

prepared solution, after folding 2-4 times the teabag, as shown in Figure 3. 

 

 

Figure 3 – Soaking of the teabag + SAPs inside the prepared solution 

 

After 10’ from initial soaking time, extract the teabag and obtain surface dry condition by 

tapping it 8 times on dry paper towels. Record the weight, and disperse the dry 



103 

 

 

 

conglomerates of SAPs right after. Immerge again the teabag inside the solution and wait 

for the 30’ measurement. Obtain again surface dry conditions and record the weight. 

 

 

Figure 4 – Measurement of weight at surface dry condition 

 

Figure 5 shows the absorption values calculated following this procedure at 10 and 30 

minutes, with the relative error on absorption. 
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Figure 5 – Absorption calculation example 

 

Figure 6 shows the influence of pH on the absorption of a type of superabsorbent 

polymers: 

 

 

Figure 6 – SAPs’ absorption in relation to the solution’s pH 

 

9. REPORT 

 

9.1. Report the following, if known: 

 

9.1.1. Solution properties – Solution composition and pH; 
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9.1.2. Superabsorbent polymer type; 

 

9.1.3. Final superabsorbent polymer absorption calculated following this 

procedure. 

 

10. PRECISION AND BIAS 

 

10.1. Precision: 

10.1.1. Single-Operator Precision – The single operator coefficient of variation of 

a single test result has been found to be 5.83 %. Therefore, the results of 

two properly conducted tests by the same operator on the superabsorbent 

polymer are not expected to differ by more than 5.83 % of their average.  

 

10.1.2. Multi-Laboratory Precision – No data is currently available on 

experimental variation between multiple laboratories.  

 

11. KEYWORDS 

11.1. Superabsorbent polymers, absorption, solution 
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