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The researchers in the concrete field have to obtain a concrete with high durability; the goal 

is to prolong the service life and reduce maintenance costs. Shrinkage cracks due to losing 

the moisture, or due to self-desiccation is a leading in reducing durability. Cellulose Nano-

Fibrils (CNF) is a natural material. It is produced by isolating from a cellulosic material. 

CNF show high tensile strength, low density, low cost. Furthermore, CNF has ability to 

absorb the water. These properties give CNF potential to improve the properties and solve 

the problems of the conventional cement paste, for instance, shrinkage. Different (CNF) 

ratios were added, to evaluate the effects of CNF on drying shrinkage and autogenous 

shrinkage of cement paste. 

Two cement paste prisms were cast and tested in accordance with ASTM C157 for each 

batch, with some modifications of the at curing method.  The work of this study was 

organized into two phases.  Phase one focused on free shrinkage while phase two focused 

on autogenous shrinkage. 
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 In phase one, thirty-two batches were prepared. These batches were divided into four 

groups with water to cement ratio 35%, 40%, 45% and 50 %. Each group was further 

divided into CNF fraction of 0%, 0.05%, 0.1%, 0.2%, 0.5%, 1%, 1.5%, and 3%. Two 

cement paste prisms were cast and tested in accordance with   ASTM C157 for each 

batch, with some modifying at curing method 

In Phase two, four batches were prepared in the Concrete laboratory. Water to cement 

ratio was 30% for all the batches.  Four different CNF ratios were used to assess the 

effect of the CNF on the autogenous shrinkage, the ratios of the CNF were 0 as the 

reference, 0.1%, 0.2% and 0.5%.  Two sealed specimens were cast and were tested in 

according to of ASTM C157 for each batch.  The flow table test was tested for all the 

batches in these phases. 

The results of the free shrinkage (phase one) test for each batch were collected up to 90 

days. When the w/c % were 40%, 45%, and 50%, the results of these groups at age 28 

days showed that, the addition of the CNF with different ratios that led to increasing the 

free shrinkage, with the exception that at law W/C ratio and law CNF dosage, shrinkage 

was reduced.   

The results for phase two showed that CNF had little or no effect on autogenous 

shrinkage. However, it must be note that extra water not considered in this study and 

early age effects not considered in this analy 
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CHAPTER 1: INTRODUCTION  

 

Concrete is and remains to be one of the most widely used construction products 

on the planet. due to the ease with which it can be formed into a range of sizes and shapes, 

its comparative durability, and its low cost. Additionally, contributing to its appeal as a 

construction material is the prepared availability of its most basic elements: Portland 

cement, aggregates, water, and admixtures. (Nmai et al., 2017) 

 For the concrete that uses the cement paste as a binder, the cement paste is the most 

important part in this concrete. As other materials, cement paste has advantages, 

disadvantages, and problems. One of the problems of cement paste is shrinkage. 

 Shrinkage is a reducing of the volume of the objects because of exterior or interior 

conditions. This phenomenon happens in concrete and cement. Shrinkage is the contraction 

in concrete with the time, independent of applied loads. It is caused by loss of water through 

evaporation, hydration of cement and carbonation. 

When concrete systems lose their water through evaporation, hydration, and carbonation, 

change in the volume of the system will occur. If the system is not restrained, the system 

will be smaller and shrink without any cracks. On the other hand, all the concrete 

construction and structures, such as the slab pavement, the decks of bridges, and other 

concrete elements, are restrained, which means tensile stresses will develop. When these 

stresses are greater than the tensile strength of the concrete, cracks will appear and develop. 
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Shrinkage causes many different cracks in the concrete surface members, including interior 

cracks, which all happen at a different age, from an early age to weeks or maybe months 

later. 

 These cracks reduce the performance and the durability of the members, increase the 

maintenance cost, causes the corrosion of the steel reinforcements, and shorten the service 

life, which all lead to the reduction of the sustainability of the construction.    

Researchers study and reduce this phenomenon and try to explain the causes, the 

mechanisms, and the types. 

All types of shrinkage happen in cement paste not in aggregate. However, the size, ratio, 

type, and modulus of elasticity of aggregate influence the magnitude of the shrinkage. 

Furthermore, that gives us an opportunity to see the effect of the CNF clearly due to the 

distribution of CNFs at the cement paste might be more homogenous than the concrete.  

Cellulose Nano Fibril (CNF) is a natural material. It is Produced by isolating from a 

cellulosic material. Cellulose nanomaterials show high tensile strength, low density, low 

cost. Furthermore, the ability to absorb the water. Thus, these properties are motivating to 

use this material to improve the properties and solve the problems of the conventional 

cement paste, for instance, shrinkage. All the CNF (Cellulose nanofibril) had been used in 

the study was produced by Process Development Center at the University of Maine in 

slurry form with 3% concentration. 

The objective of this study documented in this thesis was to examine the effect of small 

addition of CNF on the shrinkage properties of cement past. The hypotheses are that small 

addition of CNF will hold the water inside the cement paste structure and reducing self-
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desiccation and thus, shrinkage. This hypothesis was tested in two phases; free shrinkage 

and autogenous shrinkage. The experimental program and results are detailed in the chapter 

that flow.  
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CHAPTER 2: BACKGROUND  

Shrinkage in concrete 

 The shrinkage is a reduction in the volume of materials. Generally, shrinkage in concrete 

happened in cement paste. This phenomenon is happened because of losing the water from 

cement paste this phenomenon is happened because of losing the water by evaporation, 

hydration of cement and carbonation(Neville and Brooks, 2010). Shrinkage in cement paste 

happens in two stage fresh stage and hardened stage. Each type has specific reason and 

stage for occurring.     

 

Types of shrinkage 

1) Plastic shrinkage. 

2) Chemical shrinkage.  

3) Autogenous shrinkage. 

4) Drying shrinkage. 

5) Carbonation shrinkage 

 Plastic shrinkage 

 During the first few hours after mixing the concrete when concrete still behaves as a 

formable mass the plastic shrinkage commonly occurs due to loss the water from concrete 

surface by evaporation. That evaporation leads to cracks take place on the surface. Exposed 

concrete surface to undesirable, surrounding conditions (strong wind, high temperature or 
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low humidity) are common causes of marked plastic shrinkage in concrete and cement 

paste.( Mechtcherine, Reinhardt and (Eds.), 2012).  

The mechanism of the plastic shrinkage 

The plastic shrinkage cracks appear in fresh stage (before final sitting happen) when the 

evaporation ratio of water from the surface is greater than the bleeding water from the 

interior layer to the surface of the concrete or cement paste.  This type of evaporation causes 

to reduce the volume. The volume reducing give rise to a shrinkage force to form at the 

surface. because of the low strength and stiffness of the concrete or cement paste in this 

stage, The cracks will appear,(Arbor, 2000)  

Chemical shrinkage 

Immediately, when the water adds to the cement paste or concrete the reaction will start. 

that means the chemical shrinkage is happening.  This kind of shrinkage happens by 

hydration products.  the compounds of cement as (C3S, C2S, C3A, and C4AF), that means 

chemical shrinkage will be different when the ratio of these compounds will be different 

in the cement. Chemical shrinkage is formed internally, inside cement paste skeleton. that 

means is an internal reduction.  When that reduction will appear as an external reduction 

in cement paste skeleton, that will be called Autogenous shrinkage. 

 Autogenous shrinkage 

 Autogenous shrinkage is the other type of shrinkage, this type of shrinkage which occurs 

without any change in cement paste volume due to losing water or moisture by evaporation 

or external condition as temperature variation. Therefore, autogenous shrinkage is referred 
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to as self-desiccation shrinkage. This kind of shrinkage can happen in both stages of cement 

paste: 

• fresh stage (before sitting the cement paste), in that time, the autogenous shrinkage 

is considered part of chemical shrinkage(Sant, Lura and Weiss, 2006). 

•   The hardened stage (after cement paste final sitting). 

 This type of shrinkage will occur, when a low water, cement ratio is used. The low water, 

cement ratio is less than 40 %. Others said that the effect of autogenous shrinkage appears 

in high-performance concrete(HPC) and ultra-high-performance concrete(UHPC).(Wu et 

al., 2017). 

Mechanism of autogenous shrinkage 

The most accepted theory that explains autogenous shrinkage after the hardened stage is 

the capillary tension theory.  The cement paste structure has a different kind of pores like 

gel pores. In the early age of cement paste, these pores will be formed, and they are filled 

with water.  With time, all the compounds of cement want the water to complete the 

hydration processing. That means the water inside the gel pores will be consumed, Due to 

this case, the internal relative humidity will reduce. This phenomenon will make kind of 

unstable state inside the cement paste structure. The pores will transfer from saturated state 

to unsaturated state. that lead, to subject the gel pores to internal pressure, trying to return 

to equilibrium case. Finally, the volume reduction occurs called Autogenous shrinkage 

(Mechtcherine, Reinhardt and (Eds.), 2012)   

In ordinary concrete or cement paste or when water to cement ratio more than 40%, the 

autogenous shrinkage does not appear (Mechtcherine, Reinhardt and (Eds.), 2012). 

However, if that happens, the researchers consider this type of a shrinkage as part of a 
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drying shrinkage (i.e. its influence is not recognized as a different type of shrinkage). On 

the other hand,  the Autogenous shrinkage shows a distinct influence in researchers works 

when they work with high-performance concrete or ultra-high-performance concrete( 

Mechtcherine, Reinhardt and (Eds.), 2012). 

In this study, the Autogenous shrinkage will be tested and measured. 

Drying shrinkage 

Drying shrinkage is the shrinkage that occurs attributable to the water evaporation from 

cement paste after final setting occurs when the unsaturated air is found in the concrete (i.e. 

The relative humidity less than 100%).  Drying shrinkage is more pronounced than 

Autogenous shrinkage in normal concrete and more pronounced in normal and high water-

cement ratio. 

Part of drying shrinkage is reversible and the other part is irreversible if the concrete is 

subjected to a fully saturated condition. The irreversible part happens because new 

additional bonds have formed in the cement paste skeleton when the interlayer water had 

been evaporated, and that formation cannot be changed or reversible to the normal shape 

even extra water ratio was provided.    
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Figure 1. This graph shows the deformation Vs time, concrete has dried, then was re-

saturated in water, (Neville and Brooks, 2010). 

 

Mechanism of drying shrinkage 

Drying shrinkage is considered the largest type among other types that are existed in 

ordinary concrete and cement paste, thus, researchers have great interest is studying this 

type of the shrinkage. Three mechanisms explain the moisture loss and how the volume 

changes. These three mechanisms are; capillary stress, disjoining pressure, and surface free 

energy. When the relative humidity is at the range (45 to 95) %, the capillary stress starts 

to develop when the meniscus is formed in the water inside the cement paste, the 

meniscuses are under hydrostatic tension and the curved surface is created. As a result, a 
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corresponding compression is created on the cement paste particles, trying to reduce the 

volume of the pores.(Deshpande, Darwin, and Browning, 2007).  

Carbonation shrinkage 

This type of shrinkage happens as a result of the carbonation process when the chemical 

compound in cement paste as Calcium Hydroxide Ca(OH)2 reacts with CO2 (carbon 

dioxide in the atmosphere) this reaction will give out Calcium Carbonate CaCO3 + H2o. 

this reaction was called Carbonation shrinkage (Neville and Brooks, 2010). 

Effect of superabsorbent polymers on autogenous and drying shrinkage in cement 

paste 

Effect of superabsorbent polymer on shrinkage in cement paste is mentioned here because 

both superabsorbent polymers SAP and the CNF have similar behavior, they both absorb 

water. During the study on the effect of SAP on Autogenous shrinkage, it was found that 

the cement pastes had been mixed with the different quantities of the superabsorbent 

polymer(SAP). A suspension superabsorbent polymers have an average particle size of a 

diameter greater than 200µm and the isothermal condition has been assumed. The water to 

cement ratio was 30 %, then after the specimens were measured, they found that adding a 

small ratio of the superabsorbent polymer(SAP) as between (0.3%to 0.6%), in conjunction 

with extra water led to reducing the Autogenous shrinkage. Furthermore, adding 

superabsorbent polymer(SAP) led to expanding the cement paste (Mechtcherine, Reinhardt 

and (Eds.), 2012). The figure (3) shows the effect of the SAP on cement paste and how the 

small amount of SAP reduces the autogenous shrinkage.  



10 

 

The drying shrinkage was higher in (HPC) and (UHPC), when (SAP) and extra water is 

added to them. Whereas, the reference batches (i.e. without SAP and without extra water) 

showed less drying shrinkage. This variation in drying shrinkage seems to be smaller by 

using a long time wet curing. (Mechtcherine, Reinhardt and (Eds.), 2012). The figure (2) 

shows the effect of the SAP on cement paste and how the small amount of SAP reduces 

the autogenous shrinkage. 

 

Figure 2.The graph shows the effect of (SAP) on Autogenous Shrinkage for cement 

pastes. (Mechtcherine, Reinhardt and (Eds.), 2012) 

Methods of measuring shrinkage 

In concrete structures and bridges, if the concrete is allowed to contract freely, the concrete 

will not be cracked. Steel reinforcement in the concrete members, fixed supports, fixed 

connections between the members and differential shrinkage occurs in the concrete 

members, all these reasons led to restraining the movement then cracks appear (Deshpande, 
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Darwin, and Browning, 2007). Depend on these situations. The types of measuring and 

evaluating shrinkage are divided into: 

• free shrinkage tests (Unrestrained). 

• Restrained test (ring tests)  

ASTM standards 

 ASTM standards have been issued and developed to; measure, evaluate and explain the 

laboratory methods for various types of shrinkage and these are as follows:     

1) ASTM C157/C157M − 08: “Standard Test Method for Length Change of Hardened 

Hydraulic-Cement Mortar and Concrete”. 

 In this standard, it was explained how to determine the length changes for specimens were 

made in the laboratory, after final setting time under specific conditions (ASTM C157, 

2016). This standard has been used in the current study.    

2) ASTMC490/C490M: "Standard Practice for Use of Apparatus for the 

Determination of Length Change of Hardened Cement Paste, Mortar, and 

Concrete". 

This method covers the needs of the device and tools, these are used to prepare samples for 

the tests. In this standard, Techniques for how to prepare and cure specimens are 

mentioned, conditions of testing and, procedures for calculating and reporting test results 

in applicable test methods(ASTM C 490, 2011). Figures (3,4 and 5), present the molds, the 

length comparator with specimen and reference bar.  
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Figure 3. The mold that was used in free shrinkage test. 

 

  

 

Figure 4. The specimens, Concrete lab.  
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Figure 5. the length comparator with reference bar, Concrete lab. 

 

 

3) ASTMC1698 − 09 (Reapproved 2014): “Standard Test Method for Autogenous 

Strain of Cement Paste and Mortar”. 

this standard explains how to determine the length changes after final setting time under 

specific conditions for specimens that have been made in the laboratory.  

According to this standard, the change in the length of the specimens is the Autogenous 

shrinkage after final setting time. In this test, the sealed specimens are used (a corrugated 

mold).  The figure (6) presents the corrugated PE-mold and the dilatometer bench, two 

especially end plugs, a reference bar and the test specimen(Mass et al., 2017). 

 



14 

 

 

Figure 6. the corrugated PE-mold and the dilatometer bench, two especially end plugs, 

a reference bar and the test specimen(Mass et al., 2017) 

 

 

4) ASTMC1608 – 12: “Standard Test Method for Chemical Shrinkage of Hydraulic 

Cement Paste” 

The method for measuring and evaluating this type of shrinkage (the chemical shrinkage) 

was displayed in this standard. The figure below presents the illustration of Monitoring 

Chemical Shrinkage of Hydrating Cement Paste (Cabinets, Rooms and Statements, 2017). 
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Figure 7. Chemical shrinkage measurement method. (Cabinets, Rooms and Statements, 

2017) 

 

CNF (Cellulose Nano Fibril) 

 At the present, Different types of fibers are used to enhance the properties of concrete or 

mortar or cement paste, such compressive strength, tensile strength, toughness, fatigue and 

other properties.  The fibers as carbon fiber steel and polymer fibers was used, 

(Onuaguluchi, Panesar and Sain, 2014). Recently, there are some serious environmental 

problems that why the researchers and institutes are looking to find the green materials to 

enhance and develop the construction. In this study, CNF (Cellulose Nano Fibril) was used.  

CNF is a natural material. It is produced by isolating from a cellulosic material. Cellulose 

nanomaterials show high tensile strength, low density, low cost. Furthermore, the ability 
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to absorb the water. Thus, these properties are motivating to use this material to improve 

the properties and solve the problems of the conventional cement paste, for instance, 

shrinkage. All the CNF (Cellulose nanofibril) had been used in the study was produced by 

the Process Development Center at the University of Maine in slurry form with 3% 

concentration.  

The objective of this study documented in this thesis was to examine the effect of a small 

addition of CNF on the shrinkage properties of cement past. The hypotheses are that small 

addition of CNF will hold the water inside the cement paste structure and reduce self-

desiccation and thus, shrinkage. This hypothesis was tested in two phases; free shrinkage 

and autogenous shrinkage 
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CHAPTER 3: EXPERIMENTAL WORK 

Objectives 

Generally, this project was divided into two phases.  The objectives of these works were to 

study the effects of adding different ratios of CNF on the drying and autogenous shrinkage 

in cement paste. Phase I focused on free shrinkage and phase II focused on autogenous 

shrinkage. For evaluation of the drying shrinkage and autogenous shrinkage, the free 

shrinkage test was used.  Two shrinkage specimens were casted and tested for each batch 

in each phase. The methodology for each phase will be explained individually.   

 

Phase 1: Free shrinkage 

 All the experimental work, such as mixing, casting, curing and testing were done in Civil 

and Environmental Engineering Departments’ laboratories at the University of Maine, 

Orono, Maine. For this work, A series of cement paste mixtures were tested. In total, four 

test groups were prepared. The group (I) consisted of eight batches, and all the batches 

were done with the same water to cement ratio (35% W/C), but eight different ratios of 

cellulose nanofibrils (CNF) were used (0%, 0.05%, 0.1%, 0.2%, 0.5%, 1%, 1.5%, and 3%) 

from volume of the cement. The group (II) consisted of eight batches, all the batches were 

done with the same water to cement ratio (40% W/C), but eight different ratios of cellulose 

nanofibrils (CNF) were used (0%, 0.05%, 0.1%, 0.2%, 0.5%, 1%, 1.5%, and 3%) from 

volume of the cement. The group (III) consisted of eight batches, all the batches were done 

with the same water to cement ratio (45% W/C), but eight different ratios of cellulose 

nanofibrils (CNF) were used (0%, 0.05%, 0.1%, 0.2%, 0.5%, 1%, 1.5%, and 3%) from 
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volume of the cement. The group (IV) consisted of eight batches, all the batches were done 

with the same water to cement ratio (50% W/C), but eight different ratios of cellulose 

nanofibrils (CNF) were used (0%, 0.05%, 0.1%, 0.2%, 0.5%, 1%, 1.5%, and 3%) from 

volume of the cement. All the batches that have 0% of the CNF were considered references. 

The Free shrinkage test was assumed as two types of shrinkage; Autogenous shrinkage, 

and dry shrinkage 

Tests and the number of specimens 

Group of specimens were cast and were tested for each batch, in this work. Each test had 

the same number of specimens and the label in each batch.  The table (1), shows the details 

of the types of the tests that were done in this work, in addition to the number of specimens 

and the age of measurements. 
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Table 1. The types of the tests, the number of specimens and the age of measurements for 

each batch. 
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Materials 

1) Cement: 

QUIKRETE Portland Cement Type I/II (94 lb. bag) was used in all the batches. 

2) Water:  

Tap water from the lab was used. 

3)  Cellulose nanofibrils: 

Cellulose nanofibrils are produced by Process Development Center (PDC) at University of 

Maine. The ratio of the solid was CNF=3% in this study. The concentration of the CNF 

was calculated by taking a sample of the CNF solution, drying it in the oven at 100 C and 

measuring the weight of the sample after drying. The results showed that the concentration 

of the CNF is 3% and this value confirms the value that was supplied by the Process 

Development Center. 

Cement paste mix design 

 

Excel was used to calculate the quantities of all the materials that entering and required for 

each batch. These materials are: 

 1) Portland cement. 

 2) The tap water (lab water). 

3) The CNF solution. 

The information that was inserted into the Excel spreadsheet was the density of the CNF, 

the density of the cement, the density of water, the ratio of solid CNF to the cement (the 
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Volume ratio), water to the cement ratio (the Weight ratio), a batch volume and the waste 

ratio.   

Assumptions  

 

There are many input data that are the same in each batch of each program such as: 

❖ The ratio of sold CNF=3% in this study. The concentration of the CNF was 

calculated by taking a sample of the CNF solution and drying it in the oven at 100 

C, measuring the weight of the sample after drying and calculating the CNF 

concentration in the solution. The results showed that the concentration of the CNF 

is 3% and its value is corresponding to the value that was supplied by the source 

(the process development center). 

❖ The density of the CNF=1g/cc. 

❖ The density of the cement=3.15g/cc. 

❖ The density of water =1g/cc. 

❖   All the water in the CNF solution was considered as a free water. In other words, 

the water in the CNF solution was part of the water that was calculated from the 

water to cement ratio. 

❖ The batch volume(cc) plus the waste ratio=2750 cc for all batches. This value was 

calculated by calculating the volume of all samples for each test, the percentage of 

the waste was considered 25% of the total volume  

❖ The ratio of solid CNF to the cement is a volume ratio. These values varied and 

each batch has specific values.  
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❖ The ratio of the water to the cement is a weight ratio. These values varied and each 

batch has specific values. 

 

 

Figure 8. The Excel sheet that was used to calculate the quantities of the 

materials for each batch. (from work documents) 
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Table 2. Ratios and weights of the materials in each batch. 

 # W/C (%) CNF (%) Cement (g) Water (g) CNF (g)

1* 35 0.00 4120 1442 0

2 35 0.05 4119 1421 22

3* 35 0.10 4118 1399 44

4* 35 0.20 4116 1356 87

5* 35 0.50 4110 1228 217

6* 35 1.00 4101 1014 434

7 35 1.50 4091 802 649

8 35 3.00 4062 171 1290

9 40 0.00 3833 1533 0

10 40 0.05 3832 1513 20

11 40 0.10 3831 1493 41

12 40 0.20 3830 1453 81

13 40 0.50 3825 1334 202

14 40 1.00 3816 1135 404

15 40 1.50 3808 937 604

16 40 3.00 3783 348 1201

17* 45 0.00 3583 1612 0

18 45 0.05 3583 1594 19

19* 45 0.10 3582 1575 38

20* 45 0.20 3580 1538 76

21* 45 0.50 3576 1426 189

22* 45 1.00 3568 1240 378

23 45 1.50 3561 1054 565

24 45 3.00 3539 503 1124

25 50 0.00 3364 1682 0

26 50 0.05 3363 1664 18

27 50 0.10 3363 1647 36

28 50 0.20 3361 1612 71

29 50 0.50 3358 1506 178

30 50 1.00 3351 1332 355

31 50 1.50 3345 1157 531

W
/C

 =
 3

5
%

W
/C

 =
 4

0
%

W
/C

 =
 4

5
%

W
/C

 =
 5

0
%

 

Note: The CNF weight that looks in the table is the weight of the CNF solution (water 

+CNF particles). 
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Mixing procedure 

For each batch, a dry mixer (KitchenAid (5.68 liters)) was used. For the batches without 

the CNF, the water was placed in the mixer bowl and after that the cement was added.  

For batches with the CNF: after the weight of water and CNF were taken, they were both 

put together in special bowl for another mixer to mix the CNF and water for 3 minutes at 

95 RPM to ensure that the dispersion of the particles of CNF in the water will occur.  The 

mix of Water and CNF were poured in a mixing bowl, followed by adding the weighted 

cement. Then, the following mixing procedure was started and monitored: two minutes at 

speed No.1, 15 seconds rest, one minute at speed No. 2, 15 seconds rest, one minute at 

speed No.3, 15 seconds rest, and one minute at speed No.4.  Finally, the cement paste 

would be ready for casting and testing. Before the mixing procedure, all molds were 

prepared, cleaned, oiled and were put on the vibration table.  

 

Figure 9. KitchenAid 6 quarts (5.68 liters), Concrete lab. 
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Flow Table test 

A flow table test was done for each batch directly after finishing the mix of the batches in 

the mixer. The ASTM C1437_15 titled the “standard test method for flow of hydraulic 

cement mortar” was used to calculate the workability. The flow table that was used is the 

same of the flow table that was mentioned in ASTM C230/C230M_14 titled “Standard 

Specification for Flow Table for Use in Tests of Hydraulic Cement”.  

Steps of the test 

The flow table was prepared and positioned to be clean and dry, then the flow table mold 

was placed on the center of the flow table. A layer of the cement paste about half of the 

height of the mold was put in the mold.  The cement paste was tamped 20 times uniformly 

with a steel rod over the cross-section of the layer to get a uniform filling of the mold, and 

then the mold was filled totally by the cement paste, and the tamping step was repeated. 

The surface of the cement paste was leveled with the top edge of the mold, using a straight 

edge blade. The top surface of the table was cleaned. The mold was taken off immediately, 

the table was dropped 25 times in about 20 seconds. Finally, four diameters were measured 

and recorded to the nearest millimeter. 

Calculation 

The flow was calculated by finding the average of the four diameter readings in 

millimeters, subtract the inside base diameter of the mold in millimeters (100mm), dividing 

by the inside base diameter of the mold in millimeters (100mm) and then multiplying by 

100%. 

Figure (10) shows the steps of the test and also all the results will be presented in chapter 

3 in tables and graphs. 
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Figure 10. Steps of flow table test. 
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Preparing and casting the specimens 

After mixing the mixture and after the flow table sample was taken, the cement paste 

mixture was ready for casting free shrinkage molds. Two cold-rolled steel molds of 

dimensions 1" x 1" x 11.25" were used for molding the specimens. These molds were 

produced by the Humboldt Manufacturing Company. Two specimens were prepared for 

each batch. 

ASTM C157/C157M-08 was used for casting the specimens. The cement paste was placed 

in the mold in two layers. After placing the first layer, the cement paste was filled under 

the gage studs by using a straight edge blade. The first layer was then vibrated using the 

vibrating table. The vibration time and frequency varied according to the stiffness of the 

mixture (the workability of the batch). The first layer was vibrated until flat and separated 

uniformly, usually for 30 to 45 seconds. If the cement paste was too stiff to vibrate, the 

molds were compacted and filled by hand. The second layer of cement paste was then 

placed, and the cement paste was placed in the corners of the molds with a straight edge 

blade. The second layer was also vibrated. The surplus cement paste was then removed and 

the cement paste surface was leveled. The exterior edges of the molds were then cleaned 

to remove the extra cement paste. Figure (11) shows the mold on the vibrating table.  
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Figure 11. Two cold-rolled steel molds of dimensions 1" x 1" x 11.25" 

 

Curing 

 

Directly after casting, vibrating and cleaning the molds, all the molds were put in suitable 

zipper bags to ensure that no extra moisture goes in or out of the specimens during the 

curing time. Three or Four (3 × 6 in.) concrete cylinders were then placed in the zipper 

bags around the mold to ensure that the walls of the plastic bags will do not touch the top 

surface of the molds.  All the molds were put on suitable, leveled racks in the wet room to 

ensure that all the batches had the same conditions during curing, the team members were 

careful to keep the same curing time and the same conditions during curing to get the best 

results. After 24 +/-1h from adding the water, the specimens were de-molded, named and 

also the ends were marked.  
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Drying 

 

The air storage method was used to store the specimens. After de-molding the specimens 

and throughout data collection period, a plastic chamber was used to store the specimens. 

The plastic chamber is a container made by wood structure and covered by a plastic sheet. 

The plastic chamber is located in the Concrete laboratory at the University of Maine. Six 

wood racks are located inside the plastic chamber in layers with about a 2'' gap between 

the layers. The specimens were organized on wood racks inside of the plastic chamber with 

about 1'' gap between the specimens to ensure that air circulation is occurring and also all 

the specimens were at the same conditions. To meet ASTM C157 standard requirements, 

an adhesive clear tape was used to wrap the surface of all the racks to ensure that the wood 

surface does not absorb moisture from the specimens. Figure (12) illustrates the plastic 

chamber and method of arrangement of the specimens. 
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Figure 12. Plastic chamber and method of arrangement of specimens. 

 

The measurement and data collection 

After de-molding the specimens, the initial reading of the length of the specimen was taken. 

The reading had been measured by using a length comparator. The used length comparator 

was produced by Humboldt Company under the name "length comparator, Dial Indicator 

H-3250''.  The figure (13) shows the length comparator. This device meets the requirements 

of ASTM c157 and ASTM c490. The specimens have been named and marked for the 

upper and lower ends to ensure that all specimens are placed in the same direction and at 
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the same position in the length comparator device at each measurement of each age was 

taken. 

A reference bar was used to set up a reference reading, prior to that, the specimens were 

measured in each batch and of each age. Prior to start taking the measurements, the length 

comparator was installed to adjust and simplify the reading of the reference bar and thus to 

reduce the calculations and simplify them. These measuring steps were applied as per the 

users’ manual of the Length Comparator device. The reference reading was set on 0.2 in, 

prior to measure the change in the specimen’s length. 

The initial reading of the specimen’s length was taken directly after de-mold the specimens, 

that means after 1 day from adding water to the cement of each batch. The readings were 

taken at ages; 3 days, 5 days, 7 days,11 days,14 days, 21 days, 28 days and 90 days, 

respectively. At each reading, the temperature and relative humidity were recorded. All the 

readings are reported in tables as shown in the Appendix(A ). 
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Figure 13. The length comparator. 

 

Calculation  

 

the functions are mentioned in the ASTM C157 standard “Standard Test Method for Length 

Change of Hardened Hydraulic-Cement Mortar and Concrete” and ASTM C490 standard 

"Standard Practice for Use of Apparatus for the Determination of Length Change of 

Hardened Cement Paste, Mortar, and Concrete" was used to calculate the free shrinkage in 

each batch of each age. 

𝑓𝑟𝑒𝑒 𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 = (
(𝐶𝐷𝑅 𝑥 − 𝐼𝐶𝐷𝑅) ∗ 25.4

𝐺
) ∗ 100% 

Where; 

free shrinkage = The shrinkage that is occurring at any age%. 
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CRD x = difference between the length comparator reading of the 

specimen and the reference bar at any age (in). 

ICRD = difference between the length comparator reading of the 

specimen and the reference bar at 1-day age (initial reading) (in). 

G = the distance between the gage studs 

 

 

Phase 2: Autogenous shrinkage test 

Further investigation was required, to understand the Autogenous shrinkage attributable to 

the effect of low water cement ratio.  

The hypotheses of the work of phase 2 

• In the group 1, the CNF helps to reduce the self-desiccation phenomena, thus reduce 

or prevent the autogenous shrinkage to occur. 

• The autogenous shrinkage behavior is similar to SAP's behavior, where Adding a 

small amount of the SAP, has led to reduce or prevent the autogenous shrinkage to 

occur (Mechtcherine, Reinhardt and (Eds.), 2012). 

Therefore, four batches containing the same w/c%=30% were mixed with different 

CNF ratio to assess the effect of the CNF on the autogenous shrinkage only, and that 

will be discussed in detail later in this chapter. 
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Methodology 

• Four batches were prepared in the Concrete laboratory in the Civil and Environment 

Engineering Department at the University of Maine. All of the specimens had the 

same water to cement ratio with different ratios of the CNF. The ratios of the CNF 

were 0 as the reference, 0.1%, 0.2% and 0.5%. 

• Two specimens for each batch had been cast, and the same molds used in phase 1 

were used. 

• The instrument used in this work was the same instrument that was used to measure 

the free shrinkage that was mentioned in the ASTM C157 standard, which was 

adopted in the previous work but used to sealed specimens (the method of sealing 

the molds and specimens will be clarified). This is stated in ASTM C1698: 

 “Measurements with the corrugated mold system are in good agreement 

with unrestrained length change measurements obtained using Test 

Method C157/C157M with sealed specimens however, Test Method 

C157/C157M does not allow measurement of the shrinkage occurring 

before 24 h’’ 

• The autogenous shrinkage in this work was calculated after 24 hours from adding 

water to the cement, which means measuring the autogenous shrinkage in the 

hardened stage. 
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Materials  

1) Cement: 

The cement used was QUIKRETE Portland Cement Type I/II (94 lb. bag) - commercial 

grade. 

2) Water:  

The water used was tap water from the lab. 

3)  Cellulose nanofibers: 

Cellulose nanofibers produced by the Process Development Center (PDC) at the University 

of Maine. The ratio of solid CNF is3%. In this study, the concentration of the CNF was 

calculated by taking a sample of the CNF solution, drying it in the oven at 100º C,  and 

measuring the weight of the sample after drying and calculating the CNF concentration in 

the solution. The results showed that the concentration of the CNF is 3%, and its value is 

corresponding to the value that was supplied by the Process Development Center. 

Cement paste mix design 

An Excel spreadsheet program was designed to calculate the quantities of materials that 

were required for each mix. 

The Excel spreadsheet program used to calculate the quantities of materials for the previous 

work is the same Excel spreadsheet program used to calculate the quantities of materials 

for this work.   
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For all batches: The batch volume(cc) plus the waste ratio equals 1000 cc. This value was 

calculated by calculating the size of all samples for one batch. The percentage of the waste 

was considered 25% from the total volume. 

All the batches have the same water/cement ratio and different CNF ratios. Table (3) shows 

the weights and ratios of all the materials involved in the mixing for all batches. 

 

Table 3. Weights and ratios of all the materials involved in the mixing for all batches of 

the autogenous shrinkage tests. 

Batch # W/C (%) CNF (%) Cement (g) Water (g) CNF (g) 

A 30 0.00 2024 607 0 

B 30 0.10 2023 586 21 

C 30 0.20 2022 565 43 

D 30 0.50 2019 502 107 

 

Mixing procedure 

The mixing procedure used was the same mixing procedure used in the previous work, as 

well as the same mixers. In this work, the batch size was reduced to 1250 cc because in 

this work it was designed only to know the effect of the CNF on the autogenous shrinkage, 

and the size of the batch was calculated on this basis. 
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Flow table test 

The instrument, the measurement, and the calculation used in this work were the same as 

the instrument, the measurement, and calculation which had been used in the previous 

work. 

Preparing the molds 

The molds used in this work were the same as those used in the previous work. Some 

modifications had been made to the molds such as: 

❖ 1''*1'' plastic parts had been manufactured with a hole in the middle. Each piece had 

been fixed at the end of each mold in order to ensure the sealing of the specimens and 

not to lose moisture from the ends during the collection data period. The figure (14), 

shows the shape of the plastic piece and the place of installation. 

 

Figure 14. The shape of the plastic piece and the place of installation. 
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❖ A plastic cover had been manufactured to ensure that moisture and water were not lost 

from the mold during the curing period in the wet room. The figure (15) shows the 

details of the plastic cover.  The figure (16) shows where the plastic cover was installed 

after the completion of the casting process. 

 

Figure 15. The shape of the plastic cover and the mold before casting. 

Casting the specimens  

After preparing the molds and assembling them, installing the gage studs at the ends, and 

installing the plastic pieces in the place at the ends (as explained previously), the molds are 

placed on the vibration table. After completion of the mixing process and of the Flow Table 
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test, the casting process begins. ASTM C157/C157M − 08 had been used for casting 

specimens. The cement paste is placed in the mold in two layers. After placing the first 

layer, the cement paste was filled under the gage studs by using a straight edge blade. The 

first layer was then vibrated using the vibrating table. The vibration time and frequency 

was varied according to the stiffness of the mixture (a workability of the batch). Usually, 

the first layer was vibrated for 30 to 45 seconds. Hands were used to compact and fill the 

molds when the cement paste was too hard to compact and vibrate by using the vibrating 

table. The second layer of the cement paste was then placed, and the cement paste was 

placed in the corners of the molds by a straight edge blade. The second layer was also 

vibrated. The surplus cement paste was then removed, and the cement paste surface was 

leveled. The exterior edges of the molds were then cleaned to remove the extra cement 

paste. The location of the plastic pieces had been noted at the ends of the mold. Suitable 

food wrap sheets had been used to wrap the molds, then the plastic cover had been taken 

and placed on top. Finally, the adhesive tape was used to secure the plastic wrap on the 

mold and help to prevent losing the moisture. The figure (16), shows the molds after the 

casting and the wrapping. 
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Figure 16. The molds after the casting and the wrapping. 

 

De-mold and seal the specimens 

After 24 hours, add cement to the water. The preparation was done to open the molds and 

seal the specimens. 

 Sealed steps  

Step No.1:  After opening the mold and cleaning the specimens immediately, a food wrap 

plastic sheet had been used to wrap the specimens. The same quantity of plastic wrap was 

used for each specimen to ensure that all specimens were under the same conditions. Each 

specimen was wrapped 5 times as shown in figure (17). 
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Figure 17. Sealed the specimen, step No.1. 

 

 

Step No.2: A shipping bubble plastic sheet had been used to wrap the specimen. The same 

quantity had been used for each specimen to ensure that all specimens were under the same 

conditions. Each specimen was wrapped 1 time, as shown in figure (18). 

Step No.3: The numbering and naming of each specimen was done. The arrow sign 

signifies the upper end of the specimen. The position of the specimen in the length 

comparator should be in the same direction at each reading, as shown in figure (18). 
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Figure 18. Sealed the specimen, step No.2 and step No.3. 

 

 

Step No.4: The shipping bubble plastic sheet was used to wrap the two specimens for each 

batch. To ensure the thermal insulation, all the batches were under the same conditions, as 

shown in figure (19). 
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Figure 19. Sealed the specimen, step No.4. 

 

5) The specimens of each two batches were stored using a Cool and Hot bag. 

6) Finally, all the specimens were placed in the plastic chamber. 

The initial reading had been taken after the completion of the third step above, as well as 

the weight of each specimen. The weight was taken in this test to ascertain the type of 

shrinkage. The figure (20), shows the specimen in the device. 
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Figure 20. The specimen in the Length Comparator. 

 

Measurement and data collection 

The initial reading was taken after the completion of the third step of sealing, as 

well as the weight of each specimen. The reading had been measured by using a length 

comparator. The length comparator is the same that had been used in the previous work 

(phase 1, Summer 2017), as well as the same method of measuring, but the specimen ages 

were different. At age 2days, 3 days, 4 days, 5 days, 7 days, 9 days, 11 days, 14 days, 21 

days and 28 days, the readings were taken sequentially. At each measurement, the 

temperature and relative humidity were recorded. All the readings were recorded and 

tabulated in tables. All the tables were placed in the Appendix(C). 
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The calculation  

The functions are mentioned in the ASTM C157 standard and ASTM cC490 standard and 

were used to calculate the autogenous shrinkage in each batch at each age. 

𝑇ℎ𝑒 𝐴𝑢𝑡𝑜𝑔𝑒𝑛𝑜𝑢𝑠 𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 % = (
(𝐶𝐷𝑅 𝑥 − 𝐼𝐶𝐷𝑅) ∗ 25.4

𝐺
) ∗ 100% 

Where: 

𝑇ℎ𝑒 𝐴𝑢𝑡𝑜𝑔𝑒𝑛𝑜𝑢𝑠 𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 % = The Autogenous shrinkage that is occurring at any 

age,  

CRD x = difference between the comparator reading of the specimen and the reference 

bar at any age. 

ICRD = difference between the comparator reading of the specimen and the reference bar 

at 1 day age (initial reading). 

G = the distance between the gage studs (254mm) 
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CHAPTER 4: RESULTS 

Introduction 

As mentioned in chapter two, the goal for this study was to find the effect on shrinkage for 

the CNF. In this chapter, the results of the free shrinkage tests (phase 1), and autogenous 

shrinkage tests (phase 2) are presented. Additionally, the results of the flow table tests for 

each batch are presented. All the results in this chapter represent the results of the average 

of two specimens because of two specimens casted and tested for each batch. 

 Free shrinkage was assumed as two types of shrinkage; autogenous shrinkage, and dry 

shrinkage. Free shrinkage tests (phase 1), included series of cement paste batches, which 

were tested. In total, four test programs were done. All the programs had 8 batches with 

different cellulose nanofibrils (CNF) contents. They were 0 as a reference, 0.05 %, 0.1%, 

0.2%, 0.5%, 1%, 1.5%, and 3% from the cement volume. The water cement ratios for each 

program were; 0.35% for group (1), 0.4% for group (2), 0.45% for group (3), and 0.5% for 

group (4).  

For autogenous shrinkage tests (phase 2), four batches were prepared in the concrete lab in 

the Civil and Environmental Engineering Department at the University of Maine. All of 

them had the same water to cement ratio with different ratios of the CNF. The ratios of the 

CNF were 0 as the reference, 0.1%, 0.2%, and 0.5%. 

All the results for each specimen and for each batch are presented in individual tables in the 

Appendix (A and B).  
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Flow table test 

A flow table test was done for each batch directly after finishing the mix of the batches in 

the mixer. The ASTM C1437_15 titled the “standard test method for flow of hydraulic 

cement mortar” was used to calculate the workability. The flow table that was used is the 

same of the flow table that was mentioned in ASTM C230/C230M-14 titled “Standard 

Specification for flow-table for Use in Tests of Hydraulic Cement”. The tables (4, 5, 6, and 

7) shows:  four columns of dimeters in (mm), the average of these dimeters and the Flow 

table (%). The calculation of Flow table test was mentioned and explained in chapter three. 

The figure (21) shows the relation between flow table vs. CNF %, each curve present 

specific W/C ratio. 

Table 4. The results for flow table test, group 1, W/C=35%. 

#
W/C   

%
CNF

1st D 

(mm)

2nd D 

(mm)

3rd D 

(mm)

4thD 

(mm)

the 

average

flow 

(%)

1 35 0 210 210 210 210 210 110.0

2 35 0.05 200 200 200 200 200 100.0

3 35 0.1 200 200 200 200 200 100.0

4 35 0.2 190 190 195 195 192.5 92.5

5 35 0.5 165 165 165 165 165 65.0

6 35 1 140 140 140 145 141.25 41.3

7 35 1.5 130 130 130 130 130 30.0

8 35 3 115 115 115 110 113.75 13.8
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Table 5. The results for flow table test, group 2, W/C=40%. 

#
W/C   

%
CNF

1st D 

(mm)

2nd D 

(mm)

3rd D 

(mm)

4thD 

(mm)

the 

average

flow 

(%)

9 40 0 240 240 235 235 230 235.0

10 40 0.05 240 240 240 240 245 241.3

11 40 0.1 225 225 225 225 225 225.0

12 40 0.2 215 215 215 215 215 215.0

13 40 0.5 190 190 195 195 190 192.5

14 40 1 165 165 165 165 160 163.8

15 40 1.5 140 140 140 145 145 142.5

16 40 3 120 120 120 120 120 120.0
 

 

Table 6. The results for flow table test, group 3, W/C=45%. 

#
W/C   

%
CNF

1st D 

(mm)

2nd D 

(mm)

3rd D 

(mm)

4thD 

(mm)

the 

average

flow 

(%)

17 45 0

18 45 0.05

19 45 0.1 250 250 250 250 250 250.0

20 45 0.2 245 245 245 245 245 245.0

21 45 0.5 210 210 210 210 210 210.0

22 45 1 175 175 175 175 175 175.0

23 45 1.5 155 155 155 155 150 153.8

24 45 3 130 130 130 130 130 130.0

falling after 5 drop, high workablety 

falling after 14 drop, high workablety  
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Table 7. The results for flow table test, group 4, W/C=50%. 

#
W/C   

%
CNF

1st D 

(mm)

2nd D 

(mm)

3rd D 

(mm)

4thD 

(mm)

the 

average

flow 

(%)

25 50 0

26 50 0.05

27 50 0.1

28 50 0.2 250 250 250 250 250 150.00

29 50 0.5 230 230 230 230 225 128.75

30 50 1 185 185 185 185 185 85.00

31 50 1.5 165 165 165 165 165 65.00

32 50 3 130 130 130 130 130 30.00

falling after 6 drop, high workablety 

falling after 7 drop, high workablety  

falling after 1 drop, high workablety 

 

 

 

Figure 21. Shows the relation between flow table vs. CNF %, each curve present 

specific W/C ratio 
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Phase 1: Free shrinkage test 

The comparison among the results of batches for group 1 

The different ratios of the CNF had been used to evaluate the free shrinkage in cement 

paste with a constant water to cement ratio that was 35%. The figures (22), and table (8) 

are show the results for each proportion of the CNF. The figure presents eight curves, and 

each curve shows the average result of the free shrinkage for one batch. The curves and the 

table show that, when the CNF was added in low ratios such as 0.05%, 0.1%, 0.2% and 

0.5%, the free shrinkage decreased by 12%, 10.5%, 10% and 8%, respectively. These 

results were at age 28 days. However, the increase in the proportion of cellulose over of 

0.5% led to increasing the value of the free shrinkage.  

At the age of 90 days, the same effect occurred but at different rates, as adding 0.05%, 

0.1%, and 0.2% gave positive results where the free shrinkage was decreased by 7%, 

13.5%, and 5%, respectively. The increase in the proportion of the CNF over 0.5% led to 

increasing the value of the free shrinkage. That means adding small ratio from the CNF 

gives positive results for reducing the value of free shrinkage.  
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Table 8. The average results of the free shrinkage along the ages up to 90 days, for each 

batch in the group (1), W/C ratio is 35%. 

0 0.05 0.1 0.2 0.5 1 1.5 3

3 -0.16 -0.10 -0.12 -0.10 -0.12 -0.15 -0.14 -0.14

5 -0.23 -0.15 -0.17 -0.16 -0.19 -0.19 -0.20 -0.23

7 -0.25 -0.20 -0.21 -0.21 -0.21 -0.26 -0.25 -0.27

11 -0.28 -0.22 -0.24 -0.22 -0.28 -0.29 -0.28 -0.28

14 -0.31 -0.27 -0.25 -0.29 -0.28 -0.29 -0.30 -0.31

21 -0.33 -0.28 -0.27 -0.29 -0.30 -0.34 -0.34 -0.34

28 -0.34 -0.30 -0.31 -0.31 -0.31 -0.35 -0.33 -0.35

90 -0.39 -0.36 -0.34 -0.37 -0.39 -0.41 -0.39 -0.41

The CNF Ratio%
age(days)

 

 

 

 

Figure 22. The curves of group (1). 
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The comparison among the results of batches for group 2 

The different ratio of the CNF used to evaluate the free shrinkage in cement paste with 

constant water to cement ratio was 40%. The Figure (23) and the table (9) show the results 

for each proportion of the CNF. The figure presents eight curves, and each curve presents 

the average results of the free shrinkage for one batch. The curves show, at age 28 days, 

when the CNF was added the free shrinkage increased. 

At the age of 90 days, when the CNF was added in low ratios such as 0.05%, 0.1%, and 

0.2%, the free shrinkage decreased by 3%, 2.5%, and 3%, respectively. On the other hand, 

increasing the proportion of the CNF over 0.2%, led to increasing the value of the free 

shrinkage. That means adding the CNF does not give helpful results for reducing the value 

of free shrinkage either short term or long term. 

Table 9. The average results of the free shrinkage along the ages up to 90 days, for 

each batch in the group (2), W/C ratio is 40%. 

0 0.05 0.1 0.2 0.5 1 1.5 3

3 -0.07 -0.08 -0.09 -0.08 -0.09 -0.10 -0.11 -0.14

5 -0.13 -0.15 -0.14 -0.14 -0.15 -0.18 -0.18 -0.20

7 -0.16 -0.19 -0.18 -0.18 -0.19 -0.21 -0.22 -0.26

11 -0.21 -0.22 -0.22 -0.23 -0.24 -0.28 -0.27 -0.30

14 -0.23 -0.24 -0.24 -0.25 -0.27 -0.28 -0.30 -0.31

21 -0.27 -0.28 -0.26 -0.30 -0.28 -0.31 -0.31 -0.35

28 -0.29 -0.30 -0.29 -0.30 -0.31 -0.33 -0.34 -0.37

90 -0.37 -0.35 -0.36 -0.36 -0.39 -0.40 -0.42 -0.45

age 

(days)

The CNF Ratio(%)
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Figure 23. The curves of group (2). 

 

The comparison among the results of batches for group (3) 

The different ratio of the CNF used to evaluate the free shrinkage in cement paste with 

constant water to cement ratio was 45%. The figure (24) and the table (10) show the result 

for each proportion of the CNF. The figure presents eight curves, and each curve presents 

the average results of the free shrinkage for one batch. The curves show, at age 28 days, 

when the CNF was added the free shrinkage increased, except with the ratio of 0.1%. When 

this ratio was added, the free shrinkage was reduced to 5.5%  

At the age of 90 days, the curves show there was no benefit when the CNF was added in 

low ratios such as 0.05%, 0.1%, and 0.2%. 

Over 0.2% ratio of the CNF had been added, and that led the free shrinkage to increase, 

except for the ratio of 1%. When this ratio was added, the free shrinkage was reduced to 
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about 2.5%. That means adding the CNF does not give helpful results for reducing the 

value of free shrinkage either short term or long term. 

 

Table 10. The average results of the free shrinkage along the ages up to 90 days, for 

each batch in the group (3), W/C ratio is 45%. 

0 0.05 0.1 0.2 0.5 1 1.5 3

3 -0.07 -0.06 -0.06 -0.06 -0.09 -0.09 -0.10 -0.10

5 -0.13 -0.12 -0.12 -0.12 -0.17 -0.17 -0.17 -0.17

7 -0.16 -0.16 -0.16 -0.15 -0.20 -0.20 -0.21 -0.23

11 -0.21 -0.21 -0.21 -0.20 -0.23 -0.23 -0.23 -0.29

14 -0.24 -0.24 -0.23 -0.23 -0.24 -0.23 -0.26 -0.29

21 -0.29 -0.29 -0.25 -0.25 -0.28 -0.26 -0.28 -0.33

28 -0.29 -0.29 -0.28 -0.29 -0.31 -0.29 -0.31 -0.37

90 -0.35 -0.35 -0.35 -0.35 -0.36 -0.34 -0.37 -0.45

The CNF Ratio(%)
age(days)
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Figure 24.The curves of group (3). 

 

The comparison among the results of batches for group 4 

The different ratio of the CNF used to evaluate the free shrinkage in cement paste with 

constant water to cement ratio was 50%. The figure (25) and table (11) show the results for 

each proportion of the CNF. The figure presents eight curves, and each curve presents the 

average results of the free shrinkage for one batch. The curves show, at age 28 days, when 

the CNF was added the free shrinkage increased.   

At the age of 90 days, the curves show, when the CNF was added, the free shrinkage was 

increased, except for the ratio 0.2%. When this ratio was added, the free shrinkage had 

reduced to about 7%. That means adding the CNF does not give helpful results for reducing 

the value of free shrinkage either short term or long term. 
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Table 11. The average results of the free shrinkage along the ages up to 90 days, for 

each batch in the group (4), W/C ratio is 50%. 

0 0.05 0.1 0.2 0.5 1 1.5 3

3 -0.04 -0.03 -0.03 -0.05 -0.05 -0.08 -0.09 -0.12

5 -0.09 -0.09 -0.09 -0.11 -0.11 -0.19 -0.16 -0.20

7 -0.14 -0.15 -0.14 -0.13 -0.16 -0.22 -0.20 -0.24

11 -0.20 -0.20 -0.21 -0.19 -0.21 -0.28 -0.26 -0.29

14 -0.21 -0.25 -0.22 -0.23 -0.24 -0.31 -0.28 -0.33

21 -0.26 -0.27 -0.26 -0.28 -0.29 -0.31 -0.33 -0.37

28 -0.28 -0.30 -0.30 -0.29 -0.29 -0.33 -0.35 -0.40

90 -0.37 -0.38 -0.37 -0.34 -0.36 -0.39 -0.39 -0.43

Age 

(days)

The CNF Ratio%

 

 

 

 

Figure 25. The curves of group (3). 
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Comparison among the references  

In this comparison, the results for the reference batch for each group was collected and 

presented in one table and one graph. The reference batch is when the ratio of the CNF was 

0%. The reference batches were batch No.1, batch No.9, batchNo.17, and batch No.25. The 

table (12) and figure (26), shown below, present that the highest free shrinkage occurred 

with the lowest water cement ratio, and the lowest water to cement ratio was 35%.   

 

Table 12. The average results of the free shrinkage along the ages up to 90 days, for the 

reference batch of each group. 

35% 0.4 0.45 0.5

3 -0.16 -0.07 -0.07 -0.04

5 -0.23 -0.13 -0.13 -0.09

7 -0.25 -0.16 -0.16 -0.14

11 -0.28 -0.21 -0.21 -0.20

14 -0.31 -0.23 -0.24 -0.21

21 -0.33 -0.27 -0.29 -0.26

28 -0.34 -0.29 -0.29 -0.28

90 -0.39 -0.37 -0.35 -0.37

The water to cement ratio(%)The 

age(days)
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Figure 26. The free shrinkage (%) Vs. age (days), for the reference batch of each 

group. 

 

Comparison between the batches that have a similar workability 

The results of the batches that have a similar flow table test result (i.e. similar workability) 

were shown in this comparison. These batches were: batch No.1, batch No.12, and batch 

No.21. Batch No.1 was considered as a reference. The table (13) presents brief information 

for each batch.  The flow table test was used to present the workability.  

Working with the CNF shows that when adding CNF to cement paste batch, it leads to 

reducing the workability of this batch. The comparison between two batches shows that 

they both had the similar workability. The batches with CNF developed free shrinkage 

less than the reference, although both of these batches with the CNF were prepared with 

the higher ratio of water than the reference batch.      
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The figure (27) shows the curves of the free shrinkage for batches No.1 and No.12. The 

Figure (28) shows the curves of the free shrinkage for batches No.1 and No.21. 

 

Table 13. Brief information for the batches that have similar workability. 

Batch No. #1 #12 #21

Group No. 1 2 3

CNF(%) 0 0.2 0.5

w/c(%) 35 40 45

The 

Workabiliy 
110% 115% 110%

age(days) #1 #12 #21

3 -0.16 -0.08 -0.09

5 -0.23 -0.14 -0.17

7 -0.25 -0.18 -0.20

11 -0.28 -0.23 -0.23

14 -0.31 -0.25 -0.24

21 -0.33 -0.30 -0.28

28 -0.34 -0.30 -0.31

90 -0.39 -0.36 -0.37

The free shrinkage resulte
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Figure 27. The figure shows two batches, they both have the same workability, with 

different W/C%, with different CNF%. 

 

 

Figure 28. The figure shows two batches, they both have the same workability, with 

different W/C%, with different CNF%. 
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Phase 2: Autogenous shrinkage test 

The comparison among the results of the batches for phase 2 

A different ratio of the CNF was used to evaluate the Autogenous shrinkage in cement 

paste (as explained previously), and the water to cement ratio that was 30%. These batches 

were batch A, batch B, batch C, and batch D. Batch A was considered as a reference. The 

table (14) presents brief information for each batch. The flow table test was used to present 

the workability. The figure (29) presents four curves, and each curve shows the average 

result of the Autogenous shrinkage for each batch (%) vs. age (days). 
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Table 14. Brief information and results, of Autogenous Shrinkage tests. 

Batch label A B C D

CNF(%) 0 0.1 0.2 0.5

w/c(%) 30 30 30 30

The 

Workabiliy 
94% 89% 70% 48%

Age (days) A B C D

2 -0.04 -0.04 -0.04 -0.04

3 -0.06 -0.06 -0.07 -0.06

4 -0.07 -0.07 -0.08 -0.07

5 -0.08 -0.08 -0.08 -0.08

7 -0.09 -0.08 -0.1 -0.09

9 -0.1 -0.09 -0.11 -0.1

11 -0.11 -0.1 -0.11 -0.1

14 -0.1 -0.1 -0.11 -0.1

21 -0.11 -0.1 -0.12 -0.11

28 -0.11 -0.1 -0.12 -0.11

The results of the Autogenous shrinkage tests
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Figure 29.  The average result of the autogenous shrinkage for each batch (%) Vs. 

age(days). 
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CHAPTER  5: SUMMARY AND CONCLUSION 

The summary of the results for the groups 

In general, the addition of the CNF to the cement paste led to reducing the workability 

(the flow) of cement paste, which is according to the Flow table results for all groups. In 

other words, the group of batches has the same water to cement ratio with different CNF 

ratios, the batch that has the lowest CNF ratio will have the highest flow. While the batch 

that has highest CNF% will have the lowest flow. This behavior is due to the ability of 

the CNF to absorb part of the mixing water in different proportions, these proportions 

have not been accurately identified. The tables (4, 5, 6, and 7) show the results for the 

flow table tests, the figure (30) shows the relation between flow table vs. CNF %, each 

curve present specific W/C ratio. 

Phase 1: The free shrinkage tests 

 At age 28 days, the results showed that the group two, when the water to cement ratio 

was 40%. The increase in the CNF ratio that was added to batches in the same group led 

to increasing the free shrinkage. The rate of the increment of the free shrinkage was 27% 

when 3% of the CNF was added.  

 The group three, when the water to cement ratio was 45%. The increase in the CNF ratio 

that was added to batches in the same group led to increasing the free shrinkage. The rate 

of the increase of the free shrinkage was 26% when 3% of the CNF was added. 
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The group four, when the water to cement ratio was 50%. The increase in the CNF ratio 

that was added to batches in the same group led to increasing the free shrinkage. The rate 

of the increment of the free shrinkage was 40% when 3% of the CNF was added. 

For the group one, when the water to cement ratio was 30% and a small quantity of the 

CNF such as 0.05% was added, a13% reduce in the free shrinkage occurred, when a 

comparison took place with the reference batch for this group. Using a small rate of the 

CNF such as (0.05%, 0.1%, 0.2% and 0.5) has helped to decrease the free shrinkage in 

this group. However, no benefit was noticed from adding other rates such as (1%, 1.5%, 

and 3%).  

The free shrinkage was assumed as two types of shrinkage; autogenous shrinkage, and 

dry shrinkage. The results show that there is not a distinguished autogenous shrinkage in 

ordinary cement paste or in the normal concrete, on another hand, there is a distinguished 

autogenous shrinkage with the high-performance concrete or low water-cement ratio (i.e. 

when the water to the cement ratio less than 40%). In ordinary concrete and with the 

concrete that has more than 40 % water to cement ratio the self-desiccation phenomena 

was not noticed(Wu et al., 2017). The autogenous shrinkage does not appear clearly to 

the specimens of the batches with w/c ratio greater than 40%, hence, the free shrinkage is 

drying shrinkage.  

The batches that had water to cement ratio as 40%, 45% and 50%, with the addition of 

CNF ratios, the resulting drying shrinkage has increased accordingly. Interpretation of 

results is more CNF means more voids filled with water, hence, more water will be 

exposed to evaporate, finally greater drying shrinkage to occur.  
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For the group one, when W/C ratio was 0.35 (i.e. the W/C ratio less than 0.40 %), that 

means autogenous shrinkage had happened. when 0.05%, 0.1%, or 0.2% of the CNF were 

used, immediately the free shrinkage decreased. That mean a small quantities of The CNF 

help to prevent or reduce the autogenous shrinkage.  (Jensen and Hansen, 2002) said add 

small quantities of Superabsorbent polymer (SAP) to the cement paste leads to a reduction 

of the autogenous shrinkage, furthermore that, sometimes lead to an expansion. As long as 

CNF has the same behavior of the superabsorbent polymer (SAP). The behavior is 

absorbent water in the beginning and release it later. By this mechanism, Finally, using a 

small amount of CNF help to reduce or prevent self-desiccation phenomena and reduce the 

autogenous shrinkage.  Depend on this phenomenon and these results, the work of phase 2 

was designed. 

Phase 2: The autogenous shrinkage tests 

Four batches (A, B, C, and D) were prepared in the Concrete laboratory in the Civil and 

Environmental Engineering Department at the University of Maine, all  the batches had the 

same water to cement ratio with different rates of the CNF. The rates of the CNF were (0 

as a reference ,0.1%, 0.2% and 0.5%). Table (14) and figure (29) show the information and 

the results of the tests. ASTM C157 was used to measure the autogenous shrinkage. the 

sealed specimens were used, to ensure the shrinkage that occurred was autogenous 

shrinkage. Specimens being sealed with the procedure that explained in chapter three, 

under the title (sealed steps). The measurements were started at age was one day (24 hours) 

when the 1 (in) *1(in)*11.25(in) specimens were produced, these specimens were wrapped 

and they were stored in hot and cool bags. The length change of two specimens for each 

batch was reported, the results showed that there was no effect on the Autogenous 
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shrinkage of the CNF, after using different ratios of the CNF.  The reasons will be explained 

and Identified: 

• The CNF was used, it is a solution. this solution contains a concentration of solid 

CNF and water. In the hypotheses of design for the cement paste for these work 

(phase 1and phase 2), assumed that all the water in the CNF solution was considered 

as a free water. In other words, the water in the CNF solution was part of the water 

that was calculated from the water to cement ratio. After doing this series of 

experiments and batches for phase 1 and phase 2, this assumption is not acceptable, 

because of the increase in the proportion of CNF reduce the value of the flow (the 

workability) of the cement paste, which means that the CNF trapped the molecules 

of the water in the solution and may be holding additional water from the water 

mixture.    

•  Three batches: batch No.1, batch No.12 and batch No.21 were showed in the table 

(13), the figure (27), and the figure (28).  all the batches had the similar flow table 

value (the same workability). The batch No.1 was a reference batch for the other 

two batches. It was noted that the beaches had CNF developed free shrinkage less 

than the reference batch, while the water to cement ratio for these batches was 

higher than the water to cement ratio for the reference batch, so an extra water 

should be considered to investigate and determine the effect of CNF on autogenous 

shrinkage. This behavior is similar to the behavior of the SAP (the extra water must 

be added to utilize its properties in Autogenous shrinkage). 
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Conclusions 

• The water in the CNF solution cannot be considered as free water, because of CNF 

was noted that it has ability to absorb more water that it has. The addition of the 

CNF to cement paste batch that leads to increase in the drying shrinkage for this 

batch.  

• Using the ASTM C157 for calculating and measuring the Autogenous shrinkage 

but sealed specimens should be used in this test.  

• Adding a small ratio of the CNF as 0.05 %, 0.1% and 0.2% with extra water to 

cement paste batch that leads to decrease in autogenous shrinkage for this batch.  

• In the free shrinkage test, when W/C ratio was 35%, and low CNF ratio was used, 

CNF helps to reduce the self-desiccation phenomena, thus reduce or prevent the 

autogenous shrinkage to occur The hypothesis of that is CNF help in internal curing 

however when a high ratio of CNF was used led to increasing the shrinkage. The 

Interpretation of that is more CNF means more voids filled with water, hence, more 

water will be exposed to evaporate, finally greater drying shrinkage to occur 
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Recommendation 

Working to find the percentage of water that was held by CNF. Working to find the 

effect of CNF plus extra water on autogenous shrinkage. Working to find the effect 

of CNF plus extra water on Autogenous shrinkage in the early age of cement paste. 
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APPENDIX 

APPENDIX (A).  FREE SHRINKAGE TESTS 

In these tables, all the results for shrinkage specimens for each batch at each age also the 

temperature and Relative humidity were recorded for each age for phase one (free 

shrinkage tests). 

Table 15. Group (1), when W/C ratio (35%) and CNF ratio (0%). 

 
 

Table 16. Group (1), when W/C ratio (35%) and CNF ratio (0.05%). 
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Table 17.Group (1), when W/C ratio (35%) and CNF ratio (0.1%). 

 
 

 

 

 

Table 18. Group (1), when W/C ratio (35%) and CNF ratio (0.2%). 
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Table 19. Group (1), when W/C ratio (35%) and CNF ratio (0.5%). 

 
 

 

 

 

 

Table 20. Group (1), when W/C ratio (35%) and CNF ratio (1%). 
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Table 21.Group (1), when W/C ratio (35%) and CNF ratio (1.5%). 

 
 

 

 

 

 

 

Table 22. Group (1), when W/C ratio (35%) and CNF ratio (3%). 
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Table 23.Group (2), when W/C ratio (40%) and CNF ratio (0.00%). 

 
 

 

 

 

 

Table 24. Group (2), when W/C ratio (40%) and CNF ratio (0.05%). 
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Table 25. Group (2), when W/C ratio (40%) and CNF ratio (0.1%). 

 
 

 

 

 

 

 

Table 26. Group (2), when W/C ratio (40%) and CNF ratio (0.2%). 
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Table 27.Group (2), when W/C ratio (40%) and CNF ratio (0.5%). 

 
 

 

 

 

 

 

Table 28. Group (2), when W/C ratio (40%) and CNF ratio (1%). 
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Table 29. Group (2), when W/C ratio (40%) and CNF ratio (1.5%). 

 
 

 

 

 

 

 

 

Table 30. Group (2), when W/C ratio (40%) and CNF ratio (3%). 
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Table 31. Group (3), when W/C ratio (45%) and CNF ratio (0.00%). 

 
 

 

 

 

 

 

Table 32. Group (3), when W/C ratio (45%) and CNF ratio (0.05%). 
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Table 33. Group (3), when W/C ratio (45%) and CNF ratio (0.1%). 

 
 

 

 

 

 

 

 

Table 34. Group (3), when W/C ratio (45%) and CNF ratio (0.2%). 
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Table 35. Group (3), when W/C ratio (45%) and CNF ratio (0.5%). 

 
 

 

 

 

 

 

Table 36. Group (3), when W/C ratio (45%) and CNF ratio (1%). 
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Table 37. Group (3), when W/C ratio (45%) and CNF ratio (1.5%). 

 
 

 

 

 

 

 

Table 38. Group (3), when W/C ratio (45%) and CNF ratio (0.05%). 
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Table 39.  Group (4), when W/C ratio (50%) and CNF ratio (0.00%). 

 
 

 

 

 

 

 

Table 40. Group (4), when W/C ratio (50%) and CNF ratio (0.05%). 
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Table 41. Group (4), when W/C ratio (50%) and CNF ratio (0.1%). 

 
 

 

 

 

Table 42. Group (4), when W/C ratio (50%) and CNF ratio (0.2%). 
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Table 43.  Group (4), when W/C ratio (50%) and CNF ratio (0.5%). 

 
 

 

 

 

 

Table 44. Group (4), when W/C ratio (50%) and CNF ratio (1%). 
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Table 45. Group (4), when W/C ratio (50%) and CNF ratio (1.5%). 

 
 

 

 

 

 

Table 46. Group (4), when W/C ratio (50%) and CNF ratio (3%). 
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APPENDIX (B).  AUTOGENOUS SHRINKAGE TESTS 

In these tables, all the results for shrinkage specimens for each batch at each age, 

the weights of the specimens at age 1 day and age 28 day were recorded, also the 

temperature were recorded for each age for phase two (Autogenous shrinkage tests). 

 

Table 47.  Autogenous shrinkage results for batch (A), when W/C ratio (30%), and CNF 

ratio is 0.00 %. 
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Table 48. Autogenous shrinkage results for batch (B), when W/C ratio (30%), and CNF 

ratio is 0.1 %. 
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Table 49. Autogenous shrinkage results for batch (C), when W/C ratio (30%), and CNF 

ratio is 0.2%. 
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Table 50.Autogenous shrinkage results for batch (D), when W/C ratio (30%), and CNF 

ratio is 0.5%. 
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