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Abstract 

This work is focused on assessing the aging viscoelasticity of cement paste using 

nanoindentation. First, sources of uncertainty in nanoindentation experiments for cementitious 

materials are identified.  Results from this study indicate that a “critical indentation depth” exists 

such that individual indentations shallower than the critical depth demonstrate greater variability 

for all measured properties than deeper indentations. Surface roughness and the polishing 

method profoundly influence measured properties. Second, feedback controlled statistical based 

nanoindentation creep and stress relaxation tests are performed on cementitious material and 

polycarbonate to characterize the viscoelastic properties. A closed form linear viscoelastic 

analytical solutions are derived based on the elastic-viscoelastic correspondence principle to 

study the creep and stress relaxation response. The viscoelastic properties obtained from testing 

hardened cement paste and standard polycarbonate indicate strong agreement between the 

measured and the fit data. Additionally, nanoindentation based stress relaxation test appears to 

provide more converged data compared to creep tests, hence the study proposes nanoindentation 

as an additional and efficient tool to characterize the stress relaxation of cementitious materials. 

Third, investigation of the effect of combined neutron–gamma irradiation on cement paste is 

conducted to understand the viscoelastic behaviour of irradiated concrete in nuclear safety 

structures. The reduced modulus, relaxation modulus, and creep compliance of irradiated and the 

control samples obtained from reference creep nanoindentation test at various locations are 

presented and explained in detail in this study. The results demonstrate a considerable drop in 

reduced modulus and relaxation modulus of irradiated samples and a significant increase in the 

creep compared to the control samples. Lastly in the present study, the aging viscoelastic 

response of cement paste is measured and modeled using time shift approach and solidification 

method. The hydration of the cement paste is arrested at different ages (6hr., 12hr., 1day, 2day, 

3day, 7day and 28 day) using solvent exchange and freeze dry method. The results emphasize 

that the time shift approach appears to be promising model to predict the aging viscoelasticity of 

cement paste at later (after 3 days) ages and solidification theory can effectively predict the aging 

viscoelastic behavior at early (less than 3 days) ages. 
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Chapter 1 - Introduction to Nanoindentation 

 Nanotechnology is generally defined as the understanding, control, and restructuring of 

matter on the order of nanometers [1]. As discussed by K.L. Scrivener [2] nanotechnology 

consists of two main components: (i) the ‘‘top-down” approach, this refers to successive cutting 

of bulk material to get nano sized structures and (ii) the “bottom-up” approach, where the 

structure is created from smaller building blocks. Nanotechnology is a highly interdisciplinary 

field; its widespread use has created new opportunities for research involving cementitious 

materials. 

 Portland cement is the second most used material on the earth after water [3].  Hydrated 

cementitious products age over time and exist in multiple scale lengths (nano to micro to macro), 

and multiple phases, each phase with different mechanical properties [4]. Calcium silicate 

hydrate (C-S-H) is a nano-porous, nanostructured material on which most of the mechanical and 

transport properties of concrete depended. It is well-known that properties and processes 

occurring at nanoscale define the engineering properties and performance of the bulk material 

with the cement-based composites. Hence, much research effort has been applied to 

understanding the properties of C-S-H and other cement phases at the nanometer scale in turn to 

enhance and tailor the properties at macroscale [5]. 

 Various sophisticated instruments with high spatial resolution have enabled the study of 

concrete at the nanoscale and assess the physical, chemical and mechanical properties at different 

length scales [6]. Many enhanced instruments like scanning electron microscopy (SEM), atomic 

force microscopy (AFM), and transmission electron microscopy (TEM) are in use to investigate 

the various phases in the cement paste. However, most of these techniques only characterize the 

properties at the surface level [5]. Nanoindentation has been widely used and is considered a 

powerful tool for characterizing the mechanical properties in cementitious composites [7]. To 

date nanoindentation has been increasingly used to assess the mechanical properties of 

cementitious materials such as elastic parameters, strength, ductility, creep, shrinkage, and 

fracture behavior [8-14]. Nanoindentation ensures that contact is established between the 

specimen and the indenter whose properties and geometry are known. The load (P) acting on the 

indenter is applied as the control variable and the corresponding penetration depth h is recorded 

[15]. The instantaneous mechanical properties of the material are usually evaluated from the 
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unloading part of the load–displacement curve obtained from nanoindentation (Figure 1.1). 

According to the Oliver-Pharr method  [16] used for the analysis of nanoindentation testing, 

assuming the deformation upon unloading is purely elastic, the reduced elastic modulus (Er), 

contact stiffness (S) and hardness (H) are expressed as:  

𝐸𝐸𝑟𝑟 = �√𝜋𝜋
2
� � 𝑆𝑆

�𝐴𝐴𝑐𝑐
�            Equation 1.1 

𝑆𝑆 = 𝑑𝑑𝑑𝑑
𝑑𝑑ℎ

= � 2
√𝜋𝜋
� � 𝐸𝐸𝑟𝑟

�𝐴𝐴𝑐𝑐
�             Equation 1.2 

𝐻𝐻 = �𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝐴𝐴𝑐𝑐

�              Equation 1.3 

 

 
Figure 1.1  Representative individual P-h indentation curve [17]  

 

1.1 Research Significance 

 Cementitious composites are extensively used in the construction industry due to their 

high compressive strength, low cost of maintenance, simple manufacturing process, and ease of 

use [15]. The mechanical properties of cement-based materials have been studied extensively for 
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a long time. Studies have been mainly focused on developing numerical computational methods 

to predict their linear elastic properties [18]. However, cementitious materials are viscoelastic, 

thus, it's important to understand stress relaxation and creep behavior to estimate the long-term 

performance of cementitious materials effectively. Cement paste consisting of hydration 

products such as calcium silicate hydrate, and calcium hydroxide, along with unhydrated cement 

grains, pores, and water is the primary contributor to the viscoelasticity of concrete. Considering 

this heterogeneous and aging microstructure of cement paste, it is vital to investigate and 

characterize the cement paste at a short length scale (micro and nanoscale) to gain considerable 

insight into the intrinsic structure and fundamental properties of construction materials. 

 Nanotechnology is a highly interdisciplinary field; its widespread use has created new 

opportunities for research involving cementitious materials [5]. the present study utilizes 

statistical nanoindentation to perform multiscale characterization of time-dependent properties, 

as only few researchers attempted to study aging viscoelasticity of cement pastes at micro/nano 

scale length. The research work, which uses nanoindentation coupled with nanoscale composite 

modeling to study the creep of cement-based materials, combines the various nanoscale 

properties to predict meso and macro scale properties. The aging viscoelastic properties 

profoundly affect long-span concrete girders [19], thus measuring creep on the micro to 

nanoscale enhances the understanding of concrete deformation mechanisms at the macro scale. 

By understanding and predicting phenomenological behavior, improved design methodologies 

can also be developed. The overarching goal of this type of research is to be able to predict the 

long-term time-dependent behavior of concrete from the nanoscale. The study will serve as the 

necessary first step toward accomplishing this goal.  

1.1.1 Objectives  

 Combined experimental and analytical approaches form the basis of this study. The 

primary objectives of the study are: 

1. to reduce uncertainties associated with the application of nanoindentation technique on 

cementitious materials; 

2. to construct and validate a closed-form analytical solution to extract the time-dependent 

constitutive features of cementitious materials; 
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3. to investigate the influence of nuclear radiation on viscoelastic properties of cement paste 

using statistical nanoindentation; 

4. to characterize the aging creep of cement paste at the nanoscale using microstructure 

dependent constitutive models. 

1.2 Structure of the Thesis 

 The present study is branched into five chapters. Nanotechnology and the 

nanoindentation method are presented in Chapter 1. The chapter also provides a concise 

overview of the research’s goals and motivations. Chapter 2 to 5 individually presents the 

methodology adopted to achieve each objective, in detail discusses the results, and outlines the 

most important conclusions.  

 Chapter 2 presents a detailed review of the use of the nanoindentation technique on 

concrete and cementitious composites to determine time-dependent and time-independent 

properties. Nanoindentation is often used on flat, homogeneous samples, but extending its use to 

heterogeneous and composite materials requires certain assumptions. The chapter provides a 

discussion on the polishing method to adopt in order to ensure a reasonably flat surface without 

disturbing the microstructure of the cement paste sample. The discussion on surface roughness 

studied using atomic force microscopy and nanoindentation is also presented. This chapter 

meticulously examines the uncertainties and proposes an experimentally and statistically 

validated approach, acknowledging the absence of standards for designing the statistical 

nanoindentation experiments and for preparing the cementitious materials for nanoindentation. 

 The particular nanoindenter is capable of performing both relaxation and creep tests by 

applying continuous indentation depth and load, respectively. These test results allow for the 

extraction of time-dependent parameters such as relaxation modulus and creep compliance. 

Chapter 3 discusses the importance of studying the stress relaxation of concrete and the 

advantages of analyzing nanoindentation data to quantify the long-term time-dependent 

properties of cementitious composites. A closed-form analytical solution is derived based on the 

correspondence principle. The chapter presents the reliability of the analytical solution to 

interrelate the nanoindentation displacement, and time data to the contact creep and relaxation 

functions of the material (cement paste and polycarbonate).  
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 Concrete is well recognized for its radiation-shielding capacity in nuclear safety 

structures. Chapter 4 focuses on understanding the effect of radiations on the mechanical 

viscoelastic properties of concrete and cementitious materials. The chapter in detail discusses the 

procedure of subjecting cement paste samples to combined neutron and gamma radiations. In 

addition, nanoindentation creep and stress relaxation data for irradiated and controlled cement 

paste samples are analyzed and presented.  

 Nanoscale characterization paired with multi-scale composite modeling combines the 

various nanoscale properties to predict properties at the macro scale. For a comprehensive 

understanding of the time-dependent behavior of concrete, it is necessary to model the aging 

viscoelastic characteristics of cement pastes. In Chapter 5, the aging viscoelasticity of cement 

paste is measured and modeled based on the time–shift approach and the solidification theory. 

The chapter describes the solvent exchange and freeze-drying methods adopted to stop the 

hydration of cement paste at different ages. Lastly in Chapter 6, the main conclusions of the 

thesis are outlined. 
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Chapter 2 - Reducing Uncertainties in Nanoindentation 

Experiments for Cementitious Materials.   

 2.1 Introduction 

 The fundamental equations used in the computations of generalized indentation solutions 

involves certain assumptions such as an infinite, homogeneous, and isotropic ideally smooth 

surface; the indenter also has a perfect geometrical form [7, 20, 21]. Cement paste, on the other 

hand, violates assumption of infinite half space and homogeneity owing to its complicated 

composition, pore structure, and presence of multiple hydration phases. Thus, utilization of 

nanoindentation on cementitious composites with such mechanics solutions introduces 

uncertainty to the data obtained. Different hydration phases exist in cementitious materials at 

various small length scales, and testing the distinct phases is of interest. Measuring individual 

phases using single indentations is difficult [22]. Grid indentation is a method for 

characterization of the mechanical properties of individual hydration phases by statistically 

analyzing the data obtained from a large number of single indentation tests in a grid without any 

a priori knowledge of the microstructure at the location of indentation [23, 24]. The precision of 

the mechanical mapping of the indented surface is restricted by various parameters like grid 

spacing, grid size, indentation depth, peak load and surface roughness. The maximum 

penetration depth of the indentation, h, should fulfil the scale separation, that is, for small 

indentation depths, ℎ < 𝐷𝐷/10 and for deep indentations, ℎ/𝐷𝐷 > 6, where D is the characteristic 

size of the microstructure [25]. However, D is complex and difficult to determine as it depends 

on mix proportions, hydration degree, type of cement, etc. The minimum spacing (l) between 

indentation points should be 𝑙𝑙√𝑁𝑁 ≫ 𝐷𝐷 to avoid interference from the neighboring indentation 

points, where N is the total number of indentation points [26]. The choice of grid spacing and 

grid size in many literature (Table 2.1) is not justified [10, 12-14, 21, 24, 27-31].  

 Mechanics solutions require an ideally smooth sample surface. For cement paste, 

roughness should be a small fraction of the maximum indentation depth. Attaining a smooth 

surface is challenging for cement paste due to its weak, porous, brittle, and heterogeneous 

microstructure that can facilely damage during preparation [32]. Surface smoothness has been 

shown to impact test results [33]. In spite of its importance there are no standards available for 
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sample preparation for nanoindentation on cement paste. It was suggested that if the  sample 

surface roughness is below 100 nm over a scan area of 50 mm × 50 mm [34]  or less than 

approximately 1/20 of indentation depth [33] should be sufficient to satisfy the assumption of 

optimally smooth surface. But these studies disregard the influence of porosity and the age of the 

sample on surface roughness. Many researchers attempted to address the surface roughness 

through different sample preparation procedures [21, 32, 34, 35], and generally the root mean 

square (RMS) roughness which is 5 times less than the average indentation depth is proposed as 

a roughness target [34]. However, rigorously forcing this criterion is difficult provided the 

material under study [34] had extremely low porosity and the reliability of reported roughness is 

questioned [35]. Uniform polishing is difficult to obtain, and excessive polishing can damage the 

pore structure as well as local micro and nano structure of the material. Hence, the question of 

how to minimize RMS roughness for cement paste without disturbing the microstructure is yet 

be answered. 

 To the best of the author’s knowledge there has been very limited work on understanding 

the uncertainties and errors involved with using nanoindentation on cementitious composites. 

The literature provides limited evidence to support selection of a critical load based on the 

porosity of the material. This chapter aims to address these uncertainties and recommend 

experimentally and statistically verified processes to design nanoindentation tests on 

cementitious materials. 
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 Table 2.1 Metanalysis of cementitious composites corresponding to different load cases, grid 
nanoindentation parameters and roughness. 

Cement Type w/c 
ratio 

Load 
(mN) 

Indentation 
Depth (nm) 

Grid Details Surface 
Roughness 

(nm) 
Reference Size 

(µm) 
Spacing 

(nm) 
White 

Portland 
cement 

0.5 0.5 167 ± 53 10×10 10 10 - 30 [36] 

OPC 0.2 4 310 20×12 20 NA [37] 

OPC 0.53 2 80 & 600 15×15 20 NA [38] 

OPC 0.28 1.2 60 - 180 11×3 3 and 5 59 - 12 [39] 
UHP FR CC 

with nano 
silica 

NA 0.2 200 10×10 15 NA [40] 

OPC 0.2 2 100 & 400 20×15 20 50 - 20 [34] 
Alite rich 
CEM 1 

0.15 
to 0.4 2 and 8 200 & 

20000 NA NA 20 [41] 

AALBORG 
white cement 0.4 1,2,4,5 150 - 600 10×10 30 30 - 40 [24] 

OPC 0.45 0.55 200 5×10 200 NA [42] 

OPC 
0.3, 

0.4 & 
0.5 

1.25 NA NA NA NA [43] 

HPCC NA 12mN/min 200 16×18 8 < 60 [30] 
OPC 0.4 2 200 - 400 NA NA NA [44] 
OPC 0.4 NA NA NA NA 133 [21] 

Type I/II 0.28 2 150 - 450 20×10 10 NA [14] 

OPC 0.4 1.5 NA 20×20 10 NA [5] 

CEM1 42.5N 0.4 1 NA NA NA NA [17] 

Type I OPC 0.45 0.5 – 1.5 250 -500 NA NA NA [15] 

42N OPC 0.35 NA 300 - 400 NA 10 NA [45] 

Type 1 OPC 0.5 NA NA NA NA NA [46] 

Type I/II 0.4 1.5 NA NA NA NA [10] 

42.5N OPC 0.4 NA 100 - 300 12×16 10 NA [32] 
Where UHP FR CC: Ultra high-performance fiber reinforced cementitious composite with nano silica, OPC: 
ordinary Portland cement, HPCC: High performance cementitious composite. 
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2.2 Methodology 

Nanoindentation experiments should strictly adhere to a sample preparation process. 

Furthermore, methodological parameters should also be identified and controlled. Thus, the 

purpose of this study is to investigate the effect of sample preparation by addressing the RMS 

roughness, lubricant, and polishing method. The influence of experimental setup is studied by 

considering indentation depth, and load; and the parameters of grid indentation which includes 

grid size and spacing. Each of these factors are discussed in detail in the following sections. 

2.2.1 Materials and Sample Preparation 

For the present study four samples were cast from TYPE I/II cement with 0.35, 0.40, 0.45 

and 0.50 water to cement ratio (w/c). The paste was filled in cylindrical plastic molds 45 mm 

long and 17 mm diameter.  All the samples were cured for 28 days in a 100% relative humidity 

environment and samples were not extruded prior to placement in the moist room. The 

specimens were extracted from the cured cement paste samples by cutting small coin size discs 

with a thickness of approximately 3 mm with a diamond blade saw at medium speed using water 

as lubricant. The discs were allowed to dry in room condition. 

 2.2.2 Polishing 

The finished samples of size 3 mm thick and 17 mm diameter were prepared for grinding 

and polishing by embedding them in epoxy resin. The exposed flat surface of the samples was 

polished using three different methods. During first method (PM1) all the specimens were 

polished manually using silicon-carbide abrasive discs. Additional polishing was done using 

diamond lapping discs. During this polishing process specimens were constantly wetted with 

isopropyl alcohol to lubricate the polishing media and to avoid any dissolution of water-soluble 

hydration products, principally calcium hydroxide. In the second method (PM2) 0.35 w/c sample 

which was polished manually (PM1) was again polished with the FEMTO 1100S automated 

polishing machine (Pace Technologies) capable of polishing multiple specimens individually and 

independent of the other specimens allowing for easy removal and inspection of the specimen in-

between each polishing step. The time of polishing on each abrasive size was varied in this 

method and isopropyl alcohol was used as lubricant. For the third method (PM3) of polishing a 

fresh 0.35 w/c sample was cut and was polished using the same machine with water as lubricant. 
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 Table 2.2 summarizes the polishing methods. In the methods PM2 and PM3 the wheel 

and the specimen rotated in the same direction at a speed of 200 RPM, at a downforce of 18 to 

22 N. The individual down force required was calculated in accordance with ASTM E3-11 based 

on the diameter of the sample and the piston [47]. After polishing, the specimens were placed in 

the nanoindentation environmental enclosure which maintained an average temperature of 76˚ F 

and relative humidity of 22.6 %. 

Table 2.2 Summary of polishing methods. 

Abrasive type 

(grit)/ Size 

Time (min) 

PM1 PM2 PM3 

180 5 0.5 0.5 

240 5 0.5 1 

320 5 1 1 

400 5 1 10 

600 5 30 40 

800 5 30 40 

1200 5 120 180 

3 µm 5 45 60 

1.5 µm 5 - - 

1 µm 5 45 60 

0.5 µm 5 45 60 

 

2.2.3 Nanoindentation and Atomic Force Microscopy Imaging 

Hysitron Triboindenter model TI Premier (NI) and TT-2 atomic force microscope (AFM) were 

employed to obtain topographic information on the polished surfaces of the specimen obtained 

from three methods of polishing. Four images were obtained at various random locations of 

sample surfaces. Scans were performed using contact/non-vibrating mode. A scan size of 10 x 10 

μm2 with a scan rate of 0.5 Hz, setpoint of 2 μN and a resolution of 256 x 256 pixels was adopted 

for both devices and all images. The images obtained by NI and AFM were analyzed digitally 

and the corresponding RMS and average roughness were recorded. The images of sample 0.35 
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w/c scanned using NI and AFM using all three polishing methods are displayed in Figure 2.1 and 

Figure 2.2 below. 

  

 

 

Figure 2.1 NI images from three polishing methods with RMS (nm) (A) PM1 – 117,  
(B) PM2 – 81, (C) PM3 – 17 

 

 

 

(A) (B) 

(C) 
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Figure 2.2 AFM images from three polishing methods with RMS (nm) (A) PM1 – 213, 
(B) PM2 – 291, (C) PM3 – 331 

 

 To investigate the significant spatial variability of RMS roughness, post processing of the 

SPM and AFM surface data was performed to obtain smaller subdomains that correspond to the 

area associated with the single indentation. Gwyddion and Tribo View software was used to 

analyze the AFM and NI scans. 25 subdomains with a scan area of 2 x 2 μm2 were obtained from 

each image of 10 x 10 μm2 scan area (Figure 2.3). RMS roughness was computed for each 

subdomain totaling 100 independent observations for roughness parameter. The average indent 

size was 1.3 μm2 and the 95th percentile was 2.9 μm2. Hence, the choice of 4 μm2 subdomain 

scan corresponds to the individual indent and is also large enough to reasonably homogenize the 

roughness statistic. The subdomain RMS roughness from 4 scans obtained using NI and AFM on 

(A) (B) 

(C) 
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random location of the sample for 3 polishing methods was tested using one way ANOVA test. 

The p-value was less than α (0.05), suggesting the difference between the averages of groups is 

large enough to be statistically significant. 

 

Figure 2.3 AFM image of 0.35 w/c showing the subdomains of 2 x 2 μm2 scan area extracted 
from a 10 x 10 μm2 

2.2.4 Basic Elastic Nanoindentation 

 The nanoindentation tests were performed using a Hysitron Triboindenter model TI 

Premier. Basic elastic indents were performed using a standard Berkovich probe with total 

included angle of 142.35o. The optic-probe tip offset calibration was performed on polycarbonate 

sample and the tip area function was calibrated periodically on standard quartz sample using the 

standard procedure [48]. The indenter was air calibrated before and after each grid indentation 

test. The basic elastic indentation test consisting of a trapezoidal shape load history with 5s 

loading segment, 2s holding segment and 5s unloading segment was used. The basic elastic 

nanoindentation tests conducted in this study were performed with different grid spacing, grid 

size and load levels at two different areas of each specimen. All four samples were tested with 
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respect to each of these variables mentioned using load control feedback mode, in order to 

understand and reduce the uncertainties associated with the testing procedure and sample. After 

AFM imaging all specimens remained in the enclosure for the duration of the experimental 

research to assure the identical environment for all the specimens throughout the testing. Table 

2.3 details the experimental procedure used for the study. 

Table 2.3 Summary of testing procedure used. 

Parameters w/c ratio Load (µN) Grid Spacing 
(µm) Grid Size 

Indentation 
load/depth 

0.35, 0.40, 0.45 & 
0.50 200 to 4000 3 10 × 10 

Grid Size 0.35 1695 3 3 × 3, 5 × 5, 7 × 7 
& 10 × 10 

Grid 
Spacing 0.35 1695 1, 2, 3, 10, 20, 

30 & 40 10 × 10 

 

2.3 Results and Discussions 

 There is no decent correlation between the present calculation methods of Er and H due to 

the complexity of cement paste's composition and the limits of existing calculation techniques. 

As a result, the influence of uncertainty parameters discussed in the methodology section was 

assessed using Er. 

2.3.1 Indentation Depth and Load 

 The graph of Er vs. h obtained from the nanoindentation test on 0.35, 0.40, 0.45 and 0.50 

w/c sample indicates higher variability of data below a particular contact depth called as “critical 

indentation depth” [26] (Figure 2.4, 2.5, 2.6, and 2.7). This critical indentation depth varies for 

each sample, and it increases with increase in w/c from the data obtained (Figure 2.4, 2.5, 2.6, 

and 2.7). As the w/c ratio increases, the porosity of the sample will increase. A sample with low 

w/c ratio will have relatively higher fraction of unhydrated cement grains and the resultant C-S-

H tends to form in a space-constrained fashion [49] both of which are less compliant. Hence, it is 

expected to see increase in the critical indentation depth as w/c increases. Accurate determination 

of the critical indentation depth is important for estimating the minimum feature size that may be 

resolved via nanoindentation.  
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Table 2.4 Critical indentation depth, critical load, and minimum feature size. 
 

 

 

 

 

 

 Table 2.4 above shows the critical indentation depth and the corresponding critical load 

obtained from F test and the plots of load v/s depth. Applicability of critical indentation depth to 

indent the smallest feature is tested against the condition hcrit/D>6. The resulted minimum 

feature size being significantly lower than 1 µm (characteristic size of C-S-H) justifies that hcrit is 

large enough to assess the homogenized material property (Table 2.4). 

  
Figure 2.4 Plot of reduced modulus, load and indentation depth of samples with 0.35 w/c, red 

circles represent Er and blue squares represent Load (P). 

0

20

40

60

80

100

120

140

160

0

500

1000

1500

2000

2500

3000

3500

4000

0 100 200 300 400 500 600 700

E r (G
Pa

)
Load  (µN

)

h (nm)

(A)

w/c 
ratio 

Critical indentation 
depth (nm) 

Critical Load 
(μN) 

Minimum feature 
size (μm) 
(hcrit/D>6) 

F test Graphically 
observed F test Graphically 

observed F test Graphically 
observed 

0.35 120 250 1040 1695 0.02 0.04 
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Figure 2.5 Plot of reduced modulus, load and indentation depth of samples with 0.40 w/c, red 

circles represent Er and blue squares represent Load (P)  

 
Figure 2.6 Plot of reduced modulus, load and indentation depth of samples with 0.45 w/c, red 

circles represent Er and blue squares represent Load (P).  
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Figure 2.7 Plot of reduced modulus, load and indentation depth of samples with 0.50 w/c, red 

circles represent Er and blue squares represent Load (P).  

 Most commercial nanoindentation equipment is load controlled, so careful load selection 

is important for ensuring that the critical indentation depth is reached. In order to determine the 

critical indentation depth,  

1. Loads varying from 200 – 4000 µN were applied with an increase of 38.38 µN for each 

additional indent keeping the loading rate constant.  

2. Critical indentation depth was identified through the plot of measured Er versus h (Figure 

2.4, 2.5, 2.6, and 2.7) by visually identifying the depth (h) at which the Er appears to be 

converged.  

3. The critical indentation depth identified as a baseline and its reliability was statistically 

analyzed by employing F test. The split data of depth was iteratively scaled down until 

the F test fails to reject the null hypothesis and the corresponding critical indentation 

depth was recorded (Table 2.4). 

4. The critical load corresponding to the critical indentation depth was determined from 

graphical representation (Figure 2.4) and F test.  
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 The critical indentation depth and load obtained from the data set of the plot (Table 2.4) 

indicated the requirement of higher load with increase in w/c and a similar trend is observed even 

for F test except for 0.45 w/c and the reason for this is not clear. Also, the mean Er data below 

critical indentation depth is scattered far from the mean and indicates greater variability (Table 

2.5). The mean of modulus of elasticity for bulk cement paste below the critical indentation 

depth does not agree with actual value of 30-45 GPa [50]. The critical indentation depth ranges 

from 100 nm to 400 nm, enclosing the majority of the various phases present in the cement paste, 

with the smallest being C-S-H in the range 1 to 3 µm [21].  

Table 2.5 Mean Er at varying, corresponding variance from F test and Er at critical load. 

 Below critical indentation 
depth 

Above critical indentation 
depth 

Er (GPa) for 
critical load 

Sample Mean Er (GPa) Variance Mean Er (GPa) Variance  
0.35 64.2 2070 36.4 93.5 44.3 
0.40 45.9 407 26.8 112 38.3 
0.45 26.5 85.9 15.4 9.77 38.6 
0.50 48.5 543 33.7 204 33.1 

 

 Good agreement of the mean Er with actual value of 30-45 GPa  [50] can be seen in 

Table 2.5 for critical load. Under loads below critical load, surface forces and adhesion between 

the indenter and sample will be significant, and can dramatically change the load-depth curves, 

and under loads above critical can damage the pore structure and increases the variability [20]. 

 The present study recommends that for cement paste samples with Type I/II cement 

indented with Berkovitch tip, the critical load corresponding depth should be arrived at by 

performing indents using a wide range of load levels (200 to 4000 µN). Figure 2.4, 2.5, 2.6, and 

2.7 provides the critical load and depth for all four-sample tested, for 0.35 w/c sample, a critical 

load of 1695 µN was selected to obtain the critical depth of 250 nm (Figure 2.4). Again, these 

critical values are unique to material porosity, surface roughness and microstructural details 

under study. 

 2.3.2 Grid Size and Spacing 

 The interaction and response from nanoindentation depend on the indent size and on the 

difference of properties of the phases. In the design of nanoindentation experiments, deciding the 
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grid size and grid spacing controls may also influence the uncertainty in the measured properties. 

From Figure 2.5 it can be observed that choosing grid size and grid spacing randomly can affect 

the mean Er and hence, needs to be experimentally justified. For a continuum representation of a 

heterogeneous multiphase material, it is important to interrogate a sufficiently large sample area. 

As shown in Figure 2.8 when the grid size was increased from 3 x 3 to 10 x 10 the mean Er 

remained approximately constant while the standard deviation of measured mean Er increased. 

This is due to interaction with more heterogeneous phases. Based on the convergence of the 

mean Er, a larger grid size of 10 x 10 was selected to capture the influence of multiple cement 

paste phases.  

 
Figure 2.8 Plot of mean reduced modulus v/s grid size of 0.35 w/c at critical load. 
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Figure 2.9 Plot of mean reduced modulus v/s grid spacing of 0.35 w/c at critical load. 

 The mean Er deviated more from mean value of 40 GPa for bulk cement paste with 

spacing more than 3 µm (Figure 2.9) and indicates that standard deviation of individual spacing 

are within the standard deviation of one another. Increasing the spacing beyond 3 µm raises the 

potential of incorporating additional pores, which substantially alters the critical depth required 

to homogenize the sample. Also, it appears that 3 µm spacing is sufficiently large to avoid any 

interference of individual indents with the neighboring indents. 

 A grid spacing of 3 µm satisfies the condition 𝑙𝑙 ≫ 𝐷𝐷 √𝑁𝑁⁄  where N is the total number of 

indentation points and D is characteristic size of the phases [25]. Increasing the grid spacing and 

grid size increase the test time. Thus, a grid spacing of 3 µm and a grid size of 10 x 10 to 

evaluate the bulk properties of all the samples in the study appears to be a good compromise for 

the design of experiment.  
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2.3.3 Surface Roughness 

 It is now a well-known fact that sample preparation is a crucial step to characterize the 

cement paste properties at nano scale using nanoindentation [28, 34, 35, 45, 51]. The following 

subsections discuss the influence of using AFM and NI imagining techniques and different 

polishing methods on the RMS roughness. 

 2.3.3.1 Atomic Force Microscope vs Nanoindentation 

 NI and AFM were used to scan the sample surfaces and to highlight the advantage of 

using the same probe to scan and indent the surface of the sample. Figure 2.10 shows the 

dependence of RMS roughness on the porosity of the sample polished using method PM1, the 

plot clearly points out the increase in the RMS roughness obtained from both NI and AFM as the 

w/c increases. Critical indentation depth is related to surface roughness [34], and shows a similar 

trend with higher porosity (Table 2.4).  

 

Figure 2.10 The dependence of the RMS roughness obtained from PM1 on the porosity of the 
sample. 
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 The significantly higher AFM RMS roughness compared to the NI RMS roughness 

(Figure 2.10 and Table 2.6) is due to the tip shape and aspect ratio of the probes used to scan the 

samples. Regardless of measurement technique, the RMS roughness varies significantly at 

different points on the same sample due to the polished surface's intrinsic heterogeneity (Figure 

2.10). AFM clearly offers higher resolution because of the high aspect ratio of tip, but AFM 

nanoindentation is not a widely utilized device as nanoindenter for the study of mechanical 

characteristics of materials at the nanoscale, because the latter is more precise and standardized 

[52]. It was therefore concluded that there is a significant advantage to measuring the roughness 

of the sample with the nanoindentation probe. Namely that the roughness measurement is taken 

at precisely the same location on the sample that the subsequent indentation test will occur.  

 2.3.3.2 Polishing Methods 

 Owing to the importance of surface roughness and unavailability of a widely accepted 

standard method, three different polishing methods were adopted in this study. Table 2.6 

highlights the influence of three different polishing methods on the RMS roughness obtained 

from subdomains of 2 x 2 μm2 scan area.  

Table 2.6 Mean and Variance for RMS roughness of 0.35 w/c with three polishing methods. 

Polishing 
Methods 

 

RMS Roughness (nm) Er (Gpa) of 0.35 
w/c  NI  AFM 

Mean Variance Mean Variance Mean Variance 
PM1 54 799 78 835 39 71 
PM2 53 466 81 830 34 82 
PM3 27 403 72 1121 19 6 

 

 The variance of RMS roughness obtained from NI decreases from PM1 to PM3, but the 

same is not seen with RMS roughness obtained from AFM, this inconsistency in variance can be 

again explained by the aforementioned AFM tip sharpness and high aspect ratio. There was a 

statistically significant difference between PM1 and PM3, PM2 and PM3 as tested by ANOVA 

where the p-value was vanishingly small (p<0.05) in case of RMS roughness from NI. This 

shows that the more time spent on the polishing discs will evidently improves the surface 

roughness irrespective of the heterogeneity in terms of porosity and multiple hydration phases. 

For RMS roughness obtained from AFM, ANOVA showed no statistical difference (p>0.05) in 
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the means among three methods, which strengthens the argument of high resolution, but defies 

the effect of rigorous polishing (Table 2.6).  

Table 2.7 Summary of descriptive statistics of roughness data from three polishing methods.  

 PM1 PM2 PM3 

 NI AFM NI AFM NI AFM 

Standard Error 2.85 3.34 2.16 2.88 2.01 3.34 
Median 48.1 75.7 50.5 80.5 21.1 73.5 
Mode 41.2 82.2 43.6 89.0 46.4 72.0 

Standard Deviation 28.4 28.9 21.6 28.8 20.1 33.5 
Kurtosis 1.46 2.06 1.82 0.724 -0.907 6.29 
Skewness 1.08 1.03 1.11 0.711 0.564 1.26 

Range 146.2 155.2 117.9 141.0 70.1 228.0 
Sample size 100 75 100 100 100 100 

Test statistic (K) 1.19 0.644 1.11 0.812 1.78 1.14 
P-value 0.106 0.772 0.155 0.499 0.003 0.135 

 

 
Figure 2.11 Plot of RMS roughness of 0.35 w/c sample obtained from three polishing methods 

using NI. 
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Figure 2.12 Plot of RMS roughness of 0.35 w/c sample obtained from three polishing methods 

using AFM. 
 Figure 2.11and 2.12 shows the RMS roughness of individual subdomains ranked from 

smallest to largest for each of the polishing techniques recorded using NI and AFM (total 100 

reference observations). It can be seen that overall RMS roughness of PM3 is lower than PM1 

and PM2 which are approximately same indicating that on the NI length scale polishing fluid 

appears to be influencing factor, but the AFM does not show any such obvious sensitivity. 

 Figure 2.13 depicts almost identical ranges of indentation depth for 0.35 w/c polished 

with three different methods, this indicates the approach of determining the critical indentation 

depth appears reliable irrespective of the polishing method. The low average modulus value of 

19 GPa for method PM3 is due to the use of water as the lubricant during the polishing process. 

Using water enhances the further hydration and possible dissolution of hydrates mainly calcium 

hydroxide and forces additional C-S-H to grow, making the sample unrepresentative of its 

original microstructure. The Er value of 19 GPa, agrees well with the previous results on C-S-H 

[21, 25, 36] and justifies the above explanation. The low modulus value can also be explained by 

the more rigorous polishing method (PM3) which may disturb the microstructure by possibly 

increasing the effect of large capillary pores and leading to variability in measured response. 
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Based on the preceding discussion it appears that PM2 is the most suitable method to polish the 

samples. The lubricant (isopropyl alcohol) ensures no dissolution or formation of additional 

hydration products, and the machine provides uniform pressure and speed throughout polishing, 

resulting in a sufficiently smooth surface.  

 
Figure 2.13 Plots of reduced Modulus and contact depth of 0.35 w/c sample by three polishing 

methods. 

2.4 Conclusions and Recommendations 

 The effect of penetration depth, grid size and grid spacing on four cement paste samples 

was outlined in this chapter. The results and analysis obtained in the study proves that there 

exists a “critical indentation depth” for each sample and it increases with increase in w/c. 

Individual indentations shallower than the critical depth shows greater variability for all 

measured properties. Hence, load corresponding to the critical indentation depth should be 

considered as the peak load for nanoindentation test, which should be enough to homogenize the 

material under investigation. Further, the author recommends a grid size and grid spacing of 10 × 

10 µm and 3 µm respectively for bulk characterization of cement paste. Increasing the spacing 
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and size leads to higher variability in measured properties, due to the intrinsic material 

heterogeneity and is expected. Other researchers may benefit from different grid sizes and 

spacing depending on the particular purpose of their inquiry. Accordingly, it should be known in 

advance what microstructural details of the material will be studied, as some phenomena and 

features are evident only at certain loads and imprint size.  

 The present study recommends the PM2 as the effective polishing method to obtain 

smooth representative sample for nanoindentation test. Scanning size, scanning rate, resolution 

and the tip used should be taken into account while addressing the RMS roughness. The study 

also indicates that surface roughness depends on the porosity and the age of the sample and thus 

the measured roughness should be considered in the context of the material being studied. Using 

same indenter tip (NI) for imaging and for estimating roughness enables locally relevant 

characterization of surface roughness for the eventual indentation event. The author believes that 

this approach is preferable to AFM based roughness measurements that are unlikely to be 

precisely located at the point of indentation. 

  The author believes that this study can serve as a quick guide for experimentalists to 

intelligently design their own nanoindentation experiments for cementitious materials. This study 

is focused on aleatory uncertainties associated with the material variability (bulk) and 

measurement technique and has intentionally avoided epistemic uncertainties [7, 53]. Therefore, 

the readers are cautioned to avoid overgeneralizing the conclusions if the individual hydration 

phases of the sample are under study.  
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Chapter 3 - Stress Relaxation and Creep Nanoindentation for 

Cement Paste 

3.1 Introduction 

 Cement-based composite materials exhibit time dependent behavior. The viscoelastic 

behavior of concrete is primarily attributable to the complex microstructure of cement paste, 

which exist at the nano, micro, and macro scales [54, 55]. To better understand the long-term 

behavior of concrete structures, it is critical to examine the time dependent creep and relaxation 

properties. Creep is the time dependent increase in strain of a structural element under controlled 

or constant stress, whereas time dependent decrease in stress under a constant strain is defined as 

stress relaxation [56]. It is also vital to develop an effective and reliable theoretical model for 

their analysis and safety assessment [57]. The creep response of concrete has been studied 

extensively [58-62], but less is known about the relaxation response of concrete, despite the fact 

that creep and relaxation are intrinsically related. Relaxation is particularly of interest in 

prestressed concrete structures because the length of tendons may change due to varying load 

applied and the concrete creep and shrinkage. This change in length of tendons can lead to 

complicated stress redistributions. Consequently, the condition is more reminiscent of a 

relaxation test than a creep test [63, 64]. Thus, it is evident that stress relaxations account for 

prestress losses and should be considered in the design and analysis. Due to the fact that strain 

must be applied to the specimen at once and held constant during the relaxation test, at 

macroscale, testing this offer a considerable deal of difficulty to instrument selection, test design, 

and operation. Also, most of the commercially available instruments to test time dependent 

properties are load controlled. Thus, in contrast to creep data, the literature has limited 

information on cementitious materials’ relaxation [65-67]. In the present study the 

nanoindentation technique is adopted to perform creep and relaxation tests on cement paste 

samples. Nanoindentation has evolved as an ideal mechanical testing technique for 

characterizing the microstructure of heterogeneous materials such as cementitious composites. 

Many researchers are increasingly using nanoindentation to measure the creep response of 

concrete [9, 10, 12, 68, 69]. Because the pointed and sharp tip allows for high spatial resolution 

and high levels of stress to be applied, nanoindentation can measure the hardness, elasticity, and 
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long-term time dependent behavior of cement paste in just minutes long experiments, reducing 

the length of transient creep-relaxation by orders of magnitude [64]. Standard macroscopic 

techniques would need years of testing, whereas statistical nanoindentation yields a large amount 

of data that can be analyzed in few seconds [68]. On the other hand, research on nanoindentation 

based relaxation in cementitious materials is scarce [64, 70]. Many studies focus on deriving the 

relaxation response from the creep behavior [54, 71-75]. Several numerical and analytical 

models have been widely employed to extract the relaxation parameters from the creep data of 

cementitious composite in the open literature [65-67, 71, 76, 77]. Numerical models are time 

consuming and less efficient in the case of inverse analysis and also computational accuracy of 

relaxation modulus derived from creep test data is poor [78]. With respect to the integrals 

expressed in the Prony series, a poorly conditioned matrix equation increases the complexity of 

the calculation [79].   

 There are, to the best of the author’s knowledge, limited data on nanoindentation-based 

relaxation tests, and it appears that there is a need to construct a closed form analytical method to 

extract the time-dependent constitutive features of cementitious materials. Thus, in the present 

study, the relaxation behavior of cement paste is measured at the nanoscale. A time-dependent 

solution for the relaxation indentation experiment is developed using the elastic–viscoelastic 

correspondence principle and is used to fit the experimental data and in turn compared to 

analogous creep behavior. The analytical solution is also validated for a standard polycarbonate 

sample. Which is believed to be more homogeneous than cement paste. Other viscoelastic studies 

use creep or relaxation solutions to predict the relaxation or creep response of a material [54, 72, 

78]. This study seeks to take that concept further and cross validate the analytical closed loop 

solution by feeding the relaxation fit parameters back into creep solution and vice versa. 

3.2  Theory 

This section reviews the contact mechanics theory used in the analysis of nanoindentation 

creep and stress relaxation data. The closed form solution derived using correspondence 

principle to analyze the data obtained from load controlled and depth controlled nanoindentation 

test is described in detail with flow charts. 
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3.2.1 Background Theory 

 Information on the mechanical properties, microscopic processes, and mechanisms of 

surface deformation and failure may be gleaned from the relationship between indentation load 

(P) and depth (h) during loading/unloading segments (Figure 3.1) of an indentation test [80, 81]. 

For spherical indenters with diameter D, the empirical equation  𝑃𝑃 𝑑𝑑2 = 𝑓𝑓(𝑑𝑑 𝐷𝐷⁄ )⁄ , where 𝑓𝑓(𝑑𝑑/𝐷𝐷) 

is a characteristic material function, was derived by taking advantage of the relationship between 

load P and the size d (chordal diameter) of a residual impression, and it was then concluded that 

𝑃𝑃 𝑑𝑑2⁄  and 𝑑𝑑 𝐷𝐷⁄  must be constant in accordance with the principle of geometrical similarity for 

impressions and indenter [82]. Furthermore, the indenter’s geometric similarity leads to a 

relationship between the indenter’s surface diameter d and the contact depth ℎ𝑐𝑐 left by a conical 

indentation. Extrapolating the above connection and applying the principle of geometrical 

similitude to diamond pyramidal indenters (Vickers, Berkovich, Knoop), leads to the quadratic 

P-h relation, i.e., 𝑃𝑃 ∝ ℎ2, where 𝑃𝑃 = (𝑝𝑝)(𝑔𝑔 2⁄ )ℎ2, (𝑝𝑝) is the true mean pressure and 𝑔𝑔 is the 

geometrical factor of indenter [82, 83].  

 It is difficult to analyze time-dependent indentation using the constitutive relations. Load 

controlled indentation test were performed to study viscous and elastoplastic materials using a 

spherical indenter and a flat punch [84-86]. Correspondence principle is commonly employed to 

derive the analytical solution to indentation problem involving viscoelastic materials, wherein 

Laplace inversion of the elastic Hertz solution for spherical indentation yielded the desired 

viscoelastic solution. This was accomplished by taking use of the fact that the Laplace transform 

of a linear viscoelastic constitutive equation removes time dependence. But the solution was only 

valid provided the contact area is not decreasing with time [87, 88]. Later it is demonstrated that 

the aforementioned viscoelastic solution is valid for constant contact area and also for initial 

unloading phase (decreasing contact area) and successfully applied correspondence principle to 

construct the closed form analytical solution for conical indentation of cement paste [89]. 

3.2.1.1 Closed Form Analytical Solution 

 Sneddon’s well-known load to depth relation for conical indentation on a fully elastic 

body [90] invites the application of the quadratic P–h relationship to materials that range from 

perfectly elastic to perfectly plastic and has been utilized to analyze the nanoindentation creep 
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data. Sneddon’s elastic solution [90] in time regime for a conical indenter with the inclined face 

angle 𝛽𝛽 = 24.7o (Figure 3.1) is given by: 

ℎ2(𝑡𝑡) = 2𝛾𝛾2

𝑔𝑔𝑔𝑔
𝑃𝑃(𝑡𝑡)
𝐸𝐸′

          Equation 3.1 

where h(t) and P(t) are time dependent indentation depth and load respectively, 𝛾𝛾 is contact 

impression profile parameter which is 𝜋𝜋
2

 for pyramidal indentation, g is the area function = 

3√3 tan𝛽𝛽, c is frontal factor which is tan 𝛽𝛽 for a Berkovich tip, and E’ is the elastic modulus 

defined by 𝐸𝐸 (1 − 𝜈𝜈2)⁄  using viscoelastic Young’s modulus E and Poisson’s ratio ν of the 

material under study. For diamond indenter E is approximately 1TPa and is ignored. 

 
Figure 3.1 Schematic of Berkovich nanoindentation at load P. 

 The nanoindentation-based creep was modeled using the correspondence principle 

assuming linear viscoelasticity. The solution to a linear viscoelastic indentation problem in the 

Laplace domain is obtained by substituting the elastic constants (E’) in the elastic solution 

(Equation 3.1) with the Laplace transform of the time-dependent expressions of the elastic 

moduli multiplied by the Laplace Carson Transform parameter (s) in the linear elastic solution. 

Then, using the inverse Laplace transform, the solution in the space domain is inverted to the 

time domain. In the transform domain, the relationship between the creep compliance function 

J(t) and E(t) is as (Equation 3.2). 

𝐸𝐸(𝑠𝑠)������ = 1
𝑠𝑠2𝐽𝐽(𝑠𝑠)������             Equation 3.2 

The Laplace transform of (Equation 3.1) yields 

ℎ2(𝑠𝑠)������� = 2𝛾𝛾2

𝑔𝑔𝑔𝑔
  𝑃𝑃(𝑠𝑠)������

𝑠𝑠𝐸𝐸′(𝑠𝑠)�������            Equation 3.3 

P 

A 

β hc 

h 
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Since, a Heaviside step indentation load 𝑃𝑃(𝑡𝑡) = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻(𝑡𝑡), the Laplace transform of the same is  

𝑃𝑃(𝑠𝑠)������ = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝑠𝑠

             Equation 3.4 

The Laplace transform of elastic modulus (E’) is 

𝐸𝐸′(𝑠𝑠)������� = 𝑠𝑠 𝐸𝐸(𝑠𝑠)������

1−(ν(s)2)
            Equation 3.5 

assuming the time invariance of the Poisson’s ratio of the indented material, inverse Laplace 

transform of Equation 3.3 gives 

ℎ(𝑡𝑡) = 0.66 �𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 𝐽𝐽(𝑡𝑡) (1 − ν2)           Equation 3.6 

 Equation 3.6 is similar to the creep solution derived in the literature [10], The difference 

is, in the present work inclined face angle for Berkovich is considered and the solution also 

incorporates 𝛾𝛾 and g parameters, which are neglected in the aforementioned solution. The 

experimentally obtained data was fitted using Equation 3.6 in Mathematica (Figure 3.2).  

 
Figure 3.2 Flowchart for Mathematica code to fit the creep data. 

 For the current problem of relaxation, a constant indentation depth is applied, and the 

load will be monitored, thus 3.1 is algebraically rearranged as, 

𝑃𝑃(𝑡𝑡) = 𝑔𝑔𝑔𝑔
2𝛾𝛾2

 ℎ2(𝑡𝑡) 𝐸𝐸′            Equation 3.7 

 To obtain the solution for relaxation indentation, the correspondence principle will be 

used, where in the time dependent parameters will be transformed to transform domain to 

eliminate time dependency and hence obtained solution in transform domain will be inverted 

back to time domain to fit the experimental data using inverse Laplace transform. 

Filter large data set to obtain 
load versus time data Import the data Trim and normalize the data 

𝑃𝑃 𝑡𝑡 = 0.66 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 𝐽𝐽 𝑡𝑡 (1 − ν2) Input the variables (Pmax and ν)

Import creep compliance 
equation J(t)

Execute find fit 
command 

Export plots of experiment data, fit data, 
and fit parameters
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The Laplace transform of Equation 3.7 yields 

𝑃𝑃(𝑠𝑠) = 𝑔𝑔𝑔𝑔
2𝛾𝛾2

 ℎ2(𝑠𝑠)  𝑠𝑠𝐸𝐸′(𝑠𝑠)��������           Equation 3.8 

Since a Heaviside step indentation depth ℎ(𝑡𝑡) = ℎ𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻(𝑡𝑡), and 

ℎ2(𝑡𝑡) = [ℎ𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻(𝑡𝑡)]2           Equation 3.9 

the Laplace transform of Equation 3.9 is 

ℎ2(𝑠𝑠)������� = (ℎ𝑚𝑚𝑚𝑚𝑚𝑚)2

𝑠𝑠
           Equation 3.10 

The application of a Laplace transform to E’(t) facilitate the computation of the stress relaxation 

function R(t) as given by the equation below 

 𝐸𝐸(𝑠𝑠)������ = 1
𝑠𝑠2𝑅𝑅(𝑆𝑆)

          Equation 3.11 

assuming the time invariance of the Poisson’s ratio of the indented material, substituting 

Equation 3.11 in Equation 3.8, and inverting it back into time domain gives 

𝑃𝑃(𝑡𝑡) = 2.28 ℎ𝑚𝑚𝑚𝑚𝑚𝑚
2  𝑅𝑅[𝑡𝑡]

 (1−ν2)
          Equation 3.12 

The creep compliance function J(t) in the form of 3-unit kelvin chain is 

𝐽𝐽(𝑡𝑡) = 1
𝐸𝐸0

+ 1
𝐸𝐸1

 
�1−𝑒𝑒

−𝑡𝑡 𝑡𝑡ℎ� �

(1−𝑒𝑒−1)
+ 1

𝐸𝐸2
 
�1−𝑒𝑒

−𝑡𝑡 𝑡𝑡ℎ� �

(1−𝑒𝑒−1)
+ 1

𝐸𝐸3
 
�1−𝑒𝑒

−𝑡𝑡 𝑡𝑡ℎ� �

(1−𝑒𝑒−1)
            Equation 3.13 

      
Where, E0, E1, E2, E3 are fit parameters, th is the length of load holding segment 

 The relaxation modulus R(t)  is derived from the creep compliance J(t) employing 

aforementioned correspondence principle Applying Laplace transform to Equation 3.13 and 

considering the relation between creep compliance and relaxation modulus function in transform 

domain (Equation 3.14), the Equation for Relaxation modulus R(t) (Equation 3.15) was derived 

by performing inverse Laplace transform in Wolfram Mathematica (Figure 3.3) 

𝑅𝑅(𝑠𝑠)������ = 1
𝑠𝑠2 𝐽𝐽(𝑠𝑠)������             Equation 3.14 

     

𝑅𝑅[𝑡𝑡] =
𝑅𝑅0�𝑅𝑅𝑠𝑠(𝑒𝑒−1)+𝑅𝑅0�𝑅𝑅2𝑅𝑅3+𝑅𝑅1(𝑅𝑅2+𝑅𝑅3)� 𝑒𝑒

− 
𝑒𝑒𝑅𝑅0𝑡𝑡�𝑅𝑅2𝑅𝑅3+𝑅𝑅1(𝑅𝑅2+𝑅𝑅3)�+𝑒𝑒𝑅𝑅𝑠𝑠�𝑡𝑡−𝑡𝑡ℎ�+𝑅𝑅𝑠𝑠�𝑡𝑡ℎ−𝑡𝑡�

(1−𝑒𝑒)𝑅𝑅𝑠𝑠𝑡𝑡ℎ �

𝑅𝑅𝑠𝑠(𝑒𝑒−1)+𝑒𝑒𝑅𝑅0�𝑅𝑅2𝑅𝑅3+𝑅𝑅1(𝑅𝑅2+𝑅𝑅3)�
     Equation 3.15 

            

Where, R0, R1, R2, R3 are fit parameters and Rs = R1 R2 R3 
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 The derived solution is cross validated by feeding the relaxation fit parameters of 

relaxation modulus (Eq.15) into the creep solution to obtain creep compliance curve (Figure 3.4) 

 

 

Figure 3.3 Flowchart for Mathematica code to fit the relaxation data. 

  

Figure 3.4 Flowchart for Mathematica code to obtain JC(t) and JR(t) vs time plot. 

3.3 Experimental 

The closed form analytical solutions derived in Section 3.2 is successfully verified for the 

indentation problem and applied to nanoindentation based creep and stress relaxation tests of 

cement paste and standard polycarbonate sample. The section presents in detail the preparation 

of cement paste and standard polycarbonate sample. The process of performing the statistical 

nanoindentation load and depth-controlled tests is also detailed in the following section.  
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3.3.1 Sample Preparation 

 For the purpose of this research, a sample of TYPE I/II cement with a water to cement 

ratio (w/c) of 0.35 was cast. Cylindrical plastic mold of 45 mm length and 17 mm diameter were 

filled with the paste. The sample was cured for 28 days in a 100% relative humidity condition 

devoid of extrusion before being placed in the moisture room. The Isomet diamond saw was used 

to cut the cured specimen into small discs of size approximately 17 mm diameter and 3 mm 

thickness with water as lubricant at a medium speed. The discs were allowed to air dry at 

ambient temperature till the time of testing. Considering the importance of polishing process for 

nanoindentation, the sample was impregnated with epoxy resin and after the epoxy is hardened, 

the exposed surface of specimen discs was polished using FEMTO 1100S polishing machine. 

Silicon-carbide abrasive discs with grit size ranging from 180 to 1000 was used for grinding and 

coarse polishing. The fine polishing of specimen was done using diamond lapping discs of size 3 

μm, 1 μm, and 0.5 μm. The polishing machine wheel was maintained at a speed of 200 RPM, 

down-force of 18N to 22N and the sample and machine was allowed to rotate in the clockwise 

direction. To minimize dissolution of water-soluble hydration products, alcohol was used as 

lubricator during polishing. The time spent on each polishing disc is documented in (Table 3.1) 

below [91]. 

Table 3.1: Description of polishing process adopted. 

Time (min) 0.5 0.5 1 1 30 30 120 45 45 45 

Abrasive 
Grit / Size 180 240 320 400 600 800 1200 3 µm 1 µm 0.5 µm 

 

 3.3.2 Nanoindentation Based Creep and Relaxation Test 

 To perform statistical nanoindentation based creep and relaxation tests, a Hysitron 

Triboindenter model TI Premier was used. The nanoindenter is fitted with Berkovich tip, which 

is a three sided, diamond pyramidal probe with a half-angle of 65.35𝑜𝑜. Creep tests were carried 

out using a trapezoidal load function with three segments in load-controlled feedback mode. 

Load was increased from 0 μN to 1695 μN in five seconds, then held steady for 30s before being 

reduced to 0 μN in another five seconds. During relaxation tests, displacement-controlled 

feedback mode was used and a critical depth of 180 nm corresponding to the critical load [91] 
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was maintained constant for 30 s. To compare the test results of cement paste sample and 

validate the analytical solution derived for nanoindentation based relaxation test from creep 

using correspondence principle, similar tests with the same load function were performed on the 

standard polished polycarbonate sample. Table 3.2 summarizes the design parameters selected to 

perform the statistical nanoindentation based creep and relaxation tests. 

Table 3.2 Summary of nanoindentation based creep and relaxation test. 

Test Sample Load / 
Depth 

Grid (µm) 

Spacing Size 

Load 
Controlled  

Cement paste 1695 µN 3 10 × 10 

Polycarbonate 164 µN  3 5 × 5 

Displacement 
Controlled  

Cement paste 180 nm 3 10 × 10 

Polycarbonate 180 nm 3 5 × 5 

 

 3.4 Results and Discussion  
 The time dependent stress relaxation and creep of cement paste is considered to be the 

dominant mechanism leading to concrete creep and relaxation [92]. Thus, in the present study, a 

statistical nanoindentation based load and depth-controlled tests were performed on cement paste 

and polycarbonate sample. Figure 3.5 and 3.6 displays the plot of experimental and fit creep data 

of an individual indent of cement paste and polycarbonate sample respectively and confirms that 

Equation 3.6 yields a good fit. In both the cases the r2 value for curve fitting was more than 0.98. 
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Figure 3.5 Plot of nanoindentation depth vs time for a typical 30 s experiment of cement paste, 

with the fit function included for comparison.  

 
Figure 3.6 Plot of nanoindentation depth vs time for a typical 30 s experiment of polycarbonate, 

with the fit function included for comparison. 
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Figure 3.7 Plot of nanoindentation load vs time for a typical 30 s experiment of cement paste, 

with the fit function included for comparison. 

 
Figure 3.8 Plot of nanoindentation load vs time for a typical 30 s experiment of polycarbonate, 

with the fit function included for comparison. 
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 As Figure 3.7 and 3.8 shows, it appears that the solution (Equation 3.12) derived using 

correspondence principle is applicable for relaxation data and indicates general agreement 

between the experimental and the fit relaxation data with a r2 value greater than 0.98. 

 Thus, on a statistical basis it is evident that the fitted data and experimental data from 

creep and relaxation tests exhibit strong convergence. The relaxation modulus of standard 

polycarbonate at 30 s for all the 25 depth-controlled indentations is approximately R(t=30s) = 

1.995 GPa and the value is comparable to the R(t) of 2.224 GPa obtained by three-point bending 

relaxation test at 300C [93]. Figure 3.5, 3.6, 3.7, and 3.8 demonstrate that the analytical 

constitutive solution, which was developed using the Laplace transform and inverse transform in 

conjunction with the assumption of linear viscoelasticity and time independent Poisson’s ratio, 

effectively captures the creep and relaxation behavior and establishes its applicability to both 

homogeneous (polycarbonate) and relatively less homogeneous materials (cement paste). Signal 

to noise ratio is better in relaxation test compared to the creep tests for same testing time, load is 

less noisy compared to the depth (Figure 3.5 to 3.8). This might be because in nanoindentation 

creep testing, the load, rather than the stress, is maintained constant.  

 
Figure 3.9 Experimentally obtained 𝐽𝐽(𝑡𝑡)-𝐽𝐽(0) versus approximation as the inverse of an 

experimentally obtained relaxation function for cement paste. 
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Figure 3.10 Experimentally obtained 𝐽𝐽(𝑡𝑡)-𝐽𝐽(0) versus approximation as the inverse of an 

experimentally obtained relaxation function for polycarbonate. 
 To address the creep behavior of the cement paste, the most commonly used creep 

compliance J(t) parameter is calculated. The experimentally obtained creep compliance 

calculated using Equation 3.13 and the inverse of relaxation function through inverse Laplace 

Transform, which was measured during the relaxation test show a reasonable correlation and 

indicates that the nanoindentation based relaxation test data could be used to obtain the creep 

compliance. The normalized creep compliance data from 30 s creep and stress relaxation test was 

statistically tested using F test. The p-value was greater than 𝛼𝛼 (0.05), suggesting no difference 

between the data in both the samples. 

 It can be seen that after approximately 3 seconds the relaxation solution starts to deviate 

(higher) from the creep compliance of polycarbonate and cement paste sample (Figure 3.9 and 

3.10). The deviation is significant in cement paste sample compared to polycarbonate. Even 

though the inverse of the compliance function initially deviates from the creep function, it 

eventually tends to converge to the true creep compliance value J(t). Thus, the author believes 

that nanoindentation studies with a longer holding segment are required to verify this trend.  

 To explain the difference in creep and relaxation solution, the average stress decay was 

plotted against holding time with one standard deviation error bars (Figure 3.11 and 3.12). Plot 
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shows that a difference in the stress decay exists between the creep and relaxation tests. The 

difference is observed approximately after 3 seconds similar to the creep compliance curve 

(Figure 3.9 and 3.10) and is more prominent in cement paste sample compared to polycarbonate. 

The rate of stress decay is more in relaxation test and possibly explains the deviation of creep 

compliance curve from relaxation solution observed in Figure 3.9. The tip shape geometry of 

Berkovich probe and its sensitivity to different microstructural mechanisms of cement paste and 

polycarbonate is a possible contributor to stress decay observed in relaxation test.  

 Also, creep in cementitious materials is known to be sensitive to rate of loading, below a 

threshold stress level, the cement paste continues to creep and above the threshold the curve 

appears to remain constant [94]. The complex and heterogeneous microstructure of cementitious 

materials contribute to more pronounced stress decay difference creep and relaxation data in 

paste compared to the homogeneous polycarbonate sample. 

 
Figure 3.11 Rate of stress decay in creep and relaxation test of cement paste. 
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Figure 3.12 Rate of stress decay in creep and relaxation test of polycarbonate. 

Table 3.3 Average fit parameters and reduced modulus. 

Sample Test Average Fit Parameters (GPa) Reduced 
Modulus (GPa) 

  E0 E1 E2 E3 Er 

Cement Paste 
Creep 27.684 806.854 537.522 589.073 43.096 

Relaxation 24.315 1456.89 315.527 1592.671 43.494 

Polycarbonate 
Creep 2.286 72.924 36.681 60.023 3.152 

Relaxation 2.334 71.065 41.935 45.712 3.182 

 The average fit parameters for creep and relaxation tests are listed in Table 3.3. The mean 

reduced modulus from creep and relaxation nanoindentation test for cement sample is 43 GPa 

(Table 3.3) which is in good agreement with the actual value of 30 – 45 GPa [50, 91]. Polishing 

the samples using isopropyl alcohol rather than water as lubricator resulted in slightly increased 

values of Er for the cement paste than was shown in some earlier studies [46]. The reduced 

modulus for standard polycarbonate sample is 3.6 (Table 3.3) and is in accordance with the 

typical range of 2.7 – 3.2 GPa [48]. The solutions appear to be interconvertible and successful in 
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capturing the viscoelastic behavior, suggesting that nanoindentation is an effective tool for 

performing relaxation tests. 

3.5 Conclusions 

 Closed loop feedback control was used to conduct statistical nanoindentation-based creep 

and stress relaxation tests on cement paste sample. The study is also coupled with load and 

depth-controlled tests on polycarbonate to enhance understanding and comparison of the model 

to analyze viscoelastic behavior. An elastic-viscoelastic correspondence principle is utilized to 

develop constitutive analytical solution for time dependent creep and stress relaxation properties. 

The work demonstrates that the Laplace transform, and inverse transform may be performed 

analytically, yielding compact equations for creep compliance and relaxation modulus. 

Recognizing that the relaxation function of the materials under study can actually be obtained or 

approximated as the inverse of the compliance function in the Laplace transform domain, the 

relaxation function which accurately characterize the stress relaxation in cement paste is 

developed. A good agreement between the analytical solution with that observed experimentally 

validates the theoretical/experimental framework for viscoelastic nanoindentation with r2 value 

greater than 0.98 in all the cases for both samples. In addition, the study closes the loop by 

getting creep compliance curve from relaxation solution, thus cross validate the solution.  

 The results demonstrate that nanoindentation tool can be effectively used to characterize 

the viscoelastic behavior of both homogeneous and inhomogeneous materials in which properties 

vary spatially. With the assumption of linear viscoelasticity and time-invariant Poisson’s ratio, 

the constitutive analytical solution obtained is restricted in its application. Relaxation tests show 

a higher stress decay rate than creep testing, which is likely due to the Berkovich tip shape 

geometry and stress level sensitivity exhibited by the materials. This approach minimizes the 

high level of equipment and operating requirements. Direct relaxation measurement with 

corresponding closed form analytical solution offers better approach for extracting relaxation 

data and can be employed for future investigation of viscoelastic behavior of cementitious 

materials. Further the author advocates that the future research should involve other tip 

geometries to robustly validate the solution derived.   
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Chapter 4 -  Investigation of Viscoelastic Properties of Irradiated 

Cement Paste Using Statistical Nanoindentation 

4.1 Introduction 

 Due to its structural performance, radiation shielding capacity and irradiation resistance, 

concrete is widely used in nuclear power plants [95]. Due to the long-term exposure of such 

concrete components to radiation and temperature, it is vital to study the degradation of 

irradiated concrete. Neutron radiation and gamma-ray radiation are the two principal sources of 

radiation that degrade concrete. It is considered that neutrons interact with subatomic particles, 

the lattice spacing inside the material may alter as a result of the impact, mostly affecting the 

aggregates, whereas gamma radiation considerably affects the cement paste through radiolysis 

[96]. Long-term operation of nuclear power plants has prompted research in long-term aging 

effects in concrete and metallic structures. Radiation effects on concrete structures is one of the 

numerous concrete aging degrading mechanisms relevant to long term plant operations [97]. 

Reviewing the literature, it can be seen that the influences of these radiations are studied 

individually to assess the mechanical properties of concrete [70, 98]. Many studies documented 

reduction in the strength, and modulus of elasticity of irradiated concrete [99, 100], but fail to 

address the question whether this deterioration is due to temperature or radiation.  

 It is very well known that concrete is a viscoelastic material that exhibits creep and stress 

relaxation characteristics with aging [101, 102]. Creep influences long-term crack growth by 

relaxing stresses in the cement paste [103] altering the damage pattern in the structural 

component along with substantial deformations and deviations from the projected position of the 

structure [104]. Radiation-induced volumetric expansion (RIVE) occurs when fast neutrons 

amorphize the minerals in aggregates. RIVE causes stresses to build up in the hardened cement 

paste, which are then relieved by cracking or relaxation [105, 106]. On the other hand, radiolysis 

due to gamma radiations is the significant factor impacting the water in the cement paste. This 

dehydration due to exposure to gamma rays may also alter the creep and stress relaxation 

behavior of concrete/cement paste [70]. 

 Recent studies have focused on understanding the creep and stress relaxation behavior of 

irradiated concrete [69, 70, 107-109]. However, the existing data is still limited, and part of it is 
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on bulk concrete, some on cement mortar, and some on synthetic calcium silicate hydrate (C-S-

H), making it difficult to generalize the phenomena. Some studies showed that the creep of 

irradiated concrete at macroscopic and microscopic scale is reduced [69, 110] and other studies 

showed increase of creep in irradiated sample [104, 111], and some no significant change [109]. 

Previous research has devoted limited consideration to the direct impact of neutron and gamma 

irradiation on concrete creep and stress relaxation. Given the difficulty of controlling specimens 

and hygrothermal conditions in macroscale creep and stress relaxation experiments, the current 

study employs nanoindentation to perform creep and stress relaxation testing on irradiated 

samples.  

 The advantage of using nanoindentation to test the irradiated samples is twofold. Firstly, 

the ability to perform indentation tests at shallow depth (< 3μm), which assures the uniform 

radiation dosage. Secondly, the ability to obtain sufficient number of statistically significant data 

fairly quickly. Studying deformation at the nanoscale provides insight into macroscale long-term 

viscoelastic response [68]. Owing to the handful of studies and data available to address the effect 

of combined neutron and gamma radiation on concrete creep and stress relaxation, the present 

work seeks to measure and understand effects of ionizing and nonionizing radiation on concrete 

mechanical properties, in particular the instantaneous elastic modulus and short-term creep and 

relaxation modulus. Knowing that creep and stress relaxation originates from calcium silicate 

hydrate (C-S-H) in cement paste, statistical nanoindentation was performed on three samples 

with 0.3, 0.4 and 0.5 water to cement ratio (w/c) irradiated with combined neutron and gamma 

radiations. The reduced modulus (Er) which represents elastic deformation both in the sample 

and the indenter tip, creep compliance and relaxation modulus were compared with control 

samples. 

 4.2 Materials and Sample Preparation 

 Three samples were cast from TYPE I/II cement with w/c  [91] of  0.35, 0.40, and 0.50 

for the current investigation. The paste was poured into 45 mm length and 17 mm diameter 

cylindrical plastic molds. All of the samples were cured for 28 days in a 100 percent relative 

humidity condition, and none of the samples were extruded before being placed in the wet room. 

The specimens were removed from the cured cement paste samples by using a Isomet diamond 

blade saw at medium speed and water as a lubricant to cut coin size discs. The discs were let to 
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dry in room temperature. The exposed flat surface of the samples size 3mm thick and 17 mm 

diameter was polished with FEMTO 1100S automated polishing machine using silicon-carbide 

abrasive discs. Diamond lapping discs were used for further polishing. During this polishing 

process isopropyl alcohol was used as lubricant to prevent any dissolution of water-soluble 

hydration products, primarily calcium hydroxide. The polishing machine wheel and the specimen 

rotated in the same direction at a speed of 200 RPM, at a downforce of 18 to 22 N. The time of 

polishing on each abrasive size was varied in this (Table 3.1).  

4.3 Neutron and Gamma Irradiation 

 Each of the three cement samples and iron wires were placed in 4 mil thick LDPE 

bagging and heat sealed. A second barrier of heat-sealed LDPE surrounded all samples. The 

LDPE provided containment of the activated materials and a water barrier. The final arrangement 

was placed in a HDPE sample holder as shown in Figure 4.1 Arrangement of cement samples 

and iron wires within sample holder. Assembly placed in central thimble of reactor for 

irradiation.. Samples were separated to minimize flux depression and non-uniformity. Iron wires 

were placed between samples to estimate flux variation across the three samples. The reactor was 

ramped to approximately 500kW thermal power over approximately 1.15 minutes and 

maintained for 1 hour. Due to cooling system and high-power operation, the reactor pool 

temperature varied from a low of 22.0˚C to a maximum of 32.2˚C while the samples were in the 

central thimble.  Following a manual SCRAM, the reactor power was reduced to less than 50 kW 

(10% of steady state) within 0.08 minutes. Samples were removed from the reactor core region 

within 17 minutes. Thus, the samples were irradiated for approximately 60 +/- 2 minutes. The 

irradiation dose was estimated from iron co-witness wires.  An estimate of the neutron flux 

during irradiation was determined by analyzing the activation of each iron wire. Thermal neutron 

flux was calculated based on the activation of Fe-58 to Fe-59. The average thermal neutron flux 

across the three wires was 2.34 x 1012 +/- 1.06 x 1011 cm-2 sec-1. Using the threshold reaction for 

Fe-54 to Mn-54 (Ethreshold = 0.8 MeV, Eaverage =2.8 MeV), the average fast flux for the three wires 

was 2.77 x 1012 +/- 1.93 x 1011 cm-2 sec-1. For the one-hour irradiation, the thermal fluence was 

8.43 x 1015 +/- 3.82 x 1014 n cm-2 and the fast fluence was 9.97 x 1015 +/- 6.93 x 1014 n cm-2. 

From the KSU TRIGA Mark II Research Reactor training manual, the gamma dose rate at 500 

kW power is 5.0 x 104 rad sec-1 resulting in a total dose of 180 Mrad for a one-hour irradiation.  
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 Prior to irradiation the cement samples elemental mass was estimated based on the 

cement mill certificate.  The resulting quantities of each element were individually assessed for 

activation using the NIST Database/Tool and a decay period of 60 days was determined. To 

allow for safe removal of the activated materials, samples were moved to a position in the central 

thimble outside of the core region (negligible neutron flux) for initial radioactive decay. After 

decaying in the central thimble for nine days, the samples were stored in a lead box in an 

administratively controlled cabinet in the K-State Reactor facility.  After 60 days the samples 

were removed and surveyed, and the resulting gamma readings were within the expected levels.  

The samples were then transferred to the K-State nanoindentation facility.  Samples were stored 

a controlled laboratory environment of approximately 23˚C and 40% RH for the duration of the 

post-irradiation decay and subsequent nanoindentation testing. 

 
Figure 4.1 Arrangement of cement samples and iron wires within sample holder. Assembly 

placed in central thimble of reactor for irradiation. 
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4.4 Nanoindentation Testing 

 The Hysitron Triboindenter model TI Premier was used to perform the nanoindentation 

testing. A typical Berkovich probe was used to make basic elastic indents with trapezoidal load 

function of 5s loading, 2s holding and 5s unloading to determine the critical depth and 

corresponding critical load, the load was varied from 500 µN to 5000 µN [91]. Table 4.1 below 

details the maximum critical load used to perform reference creep test on control and irradiated 

samples with varying w/c ratio. the second (longer) reference frequency segment of the step load 

function is analyzed as the creep. This technique is insensitive to changes in drift rates and 

allows tests to run over long durations of time. During relaxation tests, displacement-controlled 

feedback mode was used, and the maximum critical depth used are tabulated (Table 4.1).  

 Creep and relaxation tests with minimum were performed on irradiated samples using a 

load and depth control feedback gain with achieving maximum load/depth in 5s, maintaining it 

steady for 30s, and unloading for 5s. Statistical creep nanoindentation with 10 x 10 grid size and 

3 µm spacing was employed, and the corresponding data of depth versus time and the Er [16] 

was recorded. The time dependent creep compliance and relaxation modulus curves are plotted 

to compare the test results of controlled and irradiated cement paste sample using the closed 

form analytical solution (Equation 3.13 and Equation 3.15).  

Table 4.1 Summary of nanoindentation based creep and relaxation test. 
 

 

 

 

 
 
 
4.5 Results and Discussions 

 The strength, stiffness, and viscoelastic behavior of the cement paste are determined by 

the hydrogen bonding of the water inside the layers with C-S-H hydration product. Thus, the Er, 

the short-term creep compliance, and the relaxation modulus obtained from creep and relaxation 

based statistical nanoindentation of irradiated with combined neutron and gamma radiations and 

Sample 

Creep Test 
Max. Load (µN) 

Relaxation test 
Max. Depth (nm) 

Controlled Irradiated Controlled Irradiated 
0.35 1695 1900 180 250 
0.40 1800 2500 275 350 
0.50 2695 3225 300 400 
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control cement paste samples are compared. It can be clearly seen that the Er value obtained from 

both creep and relaxation test is significantly reduced for all three irradiated cement paste sample 

compared to the control (Table 4.2).  

Table 4.2 Reduced Modulus (Er) of irradiated and control cement paste sample. 
 

  Mean Reduced Modulus, Er (GPa) 

Sample (w/c)  0.35 0.40 0.50 

Control  48.87 47.83 32.39 

Irradiated 
Relaxation test 18.31 16.63 9.28 

Creep test 19.06 16.50 8.22 

 

 Figure 4.2 to 4.7 presents the box and whisker plot for the Er of irradiated and control 

cement paste samples. In contrast to prior research [69, 70], the results demonstrate a 61 % drop 

in Er value in 0.35 w/c, 65 % in 0.40 w/c, and 75 % in 0.50 w/c in irradiated samples as 

compared to control samples.  

 
Figure 4.2 The box and whisker plot for mean Er of 0.35 w/c irradiated and control cement paste 

sample obtained from creep nanoindentation test.  
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Figure 4.3 The box and whisker plot for mean Er of 0.40 w/c irradiated and control cement paste 

sample obtained from creep nanoindentation test.  

 
Figure 4.4 The box and whisker plot for mean Er of 0.50 w/c irradiated and control cement paste 

sample obtained from creep nanoindentation test.  
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Figure 4.5 The box and whisker plot for mean Er of 0.35 w/c irradiated and control cement paste sample 

obtained from relaxation nanoindentation test. 

 
Figure 4.6 The box and whisker plot for mean Er of 0.40 w/c irradiated and control cement paste sample 

obtained from relaxation nanoindentation test. 
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Figure 4.7 The box and whisker plot for mean Er of 0.50 w/c irradiated and control cement paste 
sample obtained from relaxation nanoindentation test.  

 The data was tested for normality using the Kolmogorov-Smirnov test [112]), and it was 

discovered that the data was not normally distributed. Mann Whitney U test [113], which is used 

when the data are not normally distributed was employed with a confidence level of 95% to test 

the significance of the data obtained. The nonparametric test showed that the difference between 

the Er data of irradiated and control sample is statistically significant with p-value vanishingly 

small (p<0.05) for all the samples.  

 The decrease in the stiffness of irradiated samples can be related to the somewhat 

influence of neutrons on the water phase of cement paste even [114]. Despite the fact that the 

neutron fluence (1.95 x 1016 n cm-2) was less than the reference level of 1 x 1019 n cm-2 [99], the 

considerable loss in Er reported may be attributed to the sample's uniquely elevated sensitivity to 

damage as a result of pre-polishing prior to irradiation and small specimen size. It should be 

noted that neutron penetration depth is shallow in bulk concrete as the concrete acts as an 

effective shield. Thus, nanoindentation appears to be an efficient tool to study the neutron effect 

on the elastic modulus as it is noted that the first layer of concrete (10–50 cm) is where thermal 

neutrons generate heat [115] and NI is capable of indenting shallow depth (<3µm).  
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 A number of studies attributed reduction in concrete stiffness to the neutron irradiation 

[99, 114, 116]. When a neutron collides with a nucleus, the neutron loses energy while the 

nucleus emits dispersed gamma rays and ejects a neutron [96]. Since in the present study the 

samples are irradiated with both neutron and gamma radiation, the decrease in Er can be 

explained majorly by the radiolysis caused by gamma radiations. Also, cement hydrates undergo 

amorphization because of gamma radiation absorption, which causes them to disintegrate leading 

to decreased modulus. It is noted in the literature [97] that nuclear heating occurs due to 

attenuation of radiation by sample and this increased temperature changes the pore structure of 

the sample producing microcracks which adversely affect the mechanical properties. Unhydrated 

cement may be further hydrated by gamma heating, accelerating the production of C-S-H. 

However, in the current investigation, the maximum temperature observed during irradiation was 

32.2˚C, implying that the combined neutron and gamma radiation is the primary contributor to 

the deteriorating impact on the modulus of the cement paste sample.   

 
Figure 4.8 Box and whisker plot of creep compliance 0.35 w/c for irradiated and control cement 

paste samples at 30 seconds.  
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Figure 4.9 Box and whisker plot of creep compliance for 0.40 w/c irradiated and control cement 

paste samples at 30 seconds. 

 
Figure 4.10 Box and whisker plot of creep compliance for 0.50 w/c irradiated and control cement 

paste samples at 30 seconds. 
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Figure 4.11 Box and whisker plot of relaxation modulus for 0.35 w/c irradiated and control 

cement paste samples at 30 seconds.  

 
Figure 4.12 Box and whisker plot of relaxation modulus for 0.40 w/c irradiated and control 

cement paste samples at 30 seconds.  
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Figure 4.13 Box and whisker plot of relaxation modulus for 0.50 w/c irradiated and control 

cement paste samples at 30 seconds.  

 The radiolysis of water in cement paste due to gamma radiation influences the 

microstructure of C-S-H and the change is majorly observed at nanoscale [117]. Thus, the data 

obtained from statistical reference creep and relaxation nanoindentation tests on the irradiated 

and control cement paste samples are analyzed and presented in the study. The creep compliance 

J[t] and relaxation modulus R[t]of irradiated and control sample at 30 second holding time 

obtained from 100 indents is presented in the form box whisker plot as shown in Figure 4.8 to 

4.13. 

 The results indicated that the creep compliance of irradiated samples is higher than the 

control samples and is true for all the samples (Figure 4.8 to 4.10). Similarly, it is shown in 

Figure 4.11 to 4.13 that the relaxation modulus of irradiated samples is decreased compared to 

control samples and the percentage of decrease is increased with w/c ratio. The statistical 

significance of the non-normal creep data at 30 second holding time was tested using Mann 

Whitney U [113] test with confidence level of 95% and it was evident from the test that data 

from irradiated and control samples are significantly different.   
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Figure 4.14 Normalized creep compliance of 0.35 w/c irradiated and control cement paste. 

  
Figure 4.15 Normalized creep compliance of 0.40 w/c irradiated and control cement paste. 
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Figure 4.16 Normalized creep compliance of 0.50 w/c irradiated and control cement paste. 

 The fitted creep compliance (J [t]- J [0]) and relaxation modulus (R[t]-R [0]) curves and 

the corresponding one standard deviation (upper and lower bound) curves for irradiated and 

control cement paste samples is shown in Figure 4.14 to 4.16. 

 The one standard deviation curve was calculated as a function of holding time (t) from 

the large dataset of 100 load and depth-controlled indents. For 0.35 w/c sample, the normalized 

creep compliance is significantly higher than the control sample, and it can also be observed that 

upper and lower bound of standard deviation (Figure 4.14) for the two samples do not fall within 

each other indicating the considerable increase of creep in irradiated sample. Similar pattern of 

increased creep compliance is noted in 0.40 w/c irradiated sample (Figure 4.15)The sample with 

0.5 w/c displays higher creep than the control sample (Figure 4.16), here, the lower bound of the 

standard deviation curve is not presented since the values were less than zero and therefore 

invalid. Parallelly, it is clearly observed that the relaxation modulus curves of irradiated samples 

are lower than the control samples.  
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 Figure 4.17 Normalized relaxation modulus of 0.35 w/c irradiated and control cement paste. 

 
Figure 4.18 Normalized relaxation modulus of 0.40 w/c irradiated and control cement paste. 
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Figure 4.19 Normalized relaxation modulus of 0.50 w/c irradiated and control cement paste. 

 In 0.35 w/c sample (Figure 4.17) it can be seen that the lower bound of standard deviation 

curve for control sample interferes with the irradiated sample curves. This might be due to the 

grid indentation is performed on a slightly porous phase or unhydrated cement and may require 

increasing the grid size. Nonetheless, the statistical analysis proves that the relaxation data (R[t]) 

are significantly different, comparable with the creep results. 0.4 w/c and 0.5 w/c samples 

(Figure 4.18 and 4.19) show similar pattern of decrease in relaxation modulus for irradiated 

samples and there are no overlapping standard deviation curves (negative values are omitted).  

 It should be noted that the creep compliance and relaxation modulus are reduced with 

increase in w/c (Figure 4.14 to 4.19). Study of influence of irradiation on creep [114] ascertain 

that creep is expected to increase with increasing levels of exposure. But many studies have 

reported contradictory results [70, 108, 110]). Neutron irradiation leads to reduction in the 

strength of concrete [99], since strength is dictated by the hydrated cement paste, the increase in 
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cement paste. Another possible explanation for increase in creep compliance and decrease in 

relaxation modulus is increase in porosity due to irradiation with gamma radiation as 

documented in previously published result [98]. The release of hydrogen gas due to radiolysis 

can create pressure inside the layered porous microstructure of C-S-H leading to the formation of 

microcracks, altering the creep resistance. Nuclear radiations are inclusive of ionizing and non-

ionizing radiations and the influence of these radiations on the water molecules in the C-S-H 

may boost the porosity and leads to increase in the creep and stress relaxation of irradiated 

samples. 

Table 4.3 Mean depth/load observed for irradiated and control cement paste samples. 

 Mean contact depth hc, (nm)  
Sample (w/c) 0.35 0.40 0.50 

Irradiated 1489 645 1193 

Control 219 343 330 
 Mean load P, (µN)  

Irradiated 1880 2945 3512 

Control 1625 2517 2742 
 

 The observed mean load and depth during nanoindentation creep and relaxation tests for 

irradiated samples was considerably higher compared to the control sample (Table 4.3). This 

increase in contact load/depth in irradiated samples may be due to increase in porosity and 

microstructure. The provided justification for increased creep in irradiated samples is based on 

the previously published research and further investigation is necessary for the samples under 

study to confirm the aforementioned explanation. A consistent trend was not observed between 

the cement samples with different w/c. 

4.6 Conclusions 

 The present work was focused on studying the combined effect of neutron and gamma 

radiation on Er and viscoelastic behavior of cement paste. All samples were polished prior to 

irradiation, which increased the sensitivity of the sample surface to damage. Nanoindentation 

based creep and relaxation tests were performed on irradiated and control cement paste samples 

with 0.35 w/c, 0.40 w/c and 0.50 w/c. The results are summarized as follows: 
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1. Compared to the control samples, all irradiated samples showed a drop in Er, and the 

degree of the percentage loss increased with increasing porosity of the sample. The data 

is statistically significant. 

2. Reduction in reduced Er confirms the possible mechanism of neutron-induced damage on 

the solid phase of cement hydrates at nanoscale. Further investigation is recommended to 

strengthen the result by performing chemical structural analyses. 

3. Present study documented significant increase in the creep and stress relaxation of 

irradiated cement paste samples irrespective of the w/c, unlike limited studies in the 

literature. A consistent trend was not observed with respect to the creep behavior between 

the different irradiated cement paste samples as opposed to stress relaxation. 

4. Because the sample were irradiated with combined neutron and gamma radiations, the 

study was unable to separate the effects from neutron and gamma or the possible synergy 

between them. Possible mechanisms contributing to the increase in creep and stress 

relaxation may be due to internal gas pressures caused by water hydrolysis under gamma 

irradiation and damage to the porous structure of the C-S-H microstructure. 

5. For Portland cement paste, it was found that the deleterious effect of irradiation on creep 

and lowered modulus might occur at neutron and gamma doses that are much less than 

the threshold level of about 1019 n cm-2 and 200MGy cited by previous researchers. 

 It is important to study the porosity of irradiated cement paste microstructure using 

scanning electron microscope and XRF to understand its possible effect of combined neutron and 

gamma irradiation on the creep of cement paste. 
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Chapter 5 -  A Study of Aging Viscoelasticity of Cement Paste Using 

Nanoindentation 

5.1 Introduction 

 The materials which exhibit both viscous and elastic responses are known as viscoelastic; 

the strength and deformation under stress of viscoelastic materials are dependent on load 

duration. Hence, to envisage the performance and to anticipate the useful life of a material, 

modeling and testing the material properties, including time as a dependence is must. The test for 

creep is to predict deformation. The strength and the related stress relaxation tests are to measure 

the loss of stress at constant strain. Viscoelasticity has a unique role in terms of effective 

mechanical characteristics of heterogeneous materials determined by scale transition and remains 

an underdeveloped research topic. 

 Concrete structures are known to suffer aging related deformation, which can eventually 

eliminate their functionality. It is very well known that concrete is a viscoelastic material that 

exhibits creep and stress relaxation characteristics with aging [101, 102]. To understand the long-

term behavior of prestressed and conventional concrete members subjected to changing load 

histories, it is necessary to study the aging properties of concrete. As aging can be defined with 

different variables it becomes difficult to model these properties and in turn results in ambiguous 

predictions of long-term performance. These phenomena may lead to serviceability issues and 

structural failures at the later stage of the service life of the concrete.  Continuous hydration of 

cement, combined with the accumulation of cracking and dissolution of hydration products, 

results in the development of properties that are dependent on mix design, time, stress, 

temperature and humidity [118].  

 Since the rate of change in mechanical properties of cement paste is very significant at an 

early age (less than 28 days), a study of this period of the evolution of the paste should give the 

greatest insight into the mechanisms responsible for behavior [118]. Thus, studying cement paste 

with respect to different geometry and properties such as creep and aging effects will more 

precisely explain the long-term behavior of concrete, as aggregate inclusions are typically non-

aging and elastic.  Creep is typically modeled by viscoelastic constitutive equations and in order 

to have a reliable prediction of possible early age cracking due to shrinkage and thermal stress or 
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long-term performance comes with a proper understanding of ageing viscoelastic behavior. 

Aging in cement paste is directly related to changes in its microstructure and can be attributed to 

hydration process in addition to relaxation of hygro-chemically induced self-equilibrated 

prestress of the microstructure [59]. Degradations processes (e.g., leaching), which can be 

coupled with the viscoelastic behavior of the material itself, can be also a source of the aging 

behavior [119].  

 Aging creep is challenging to envisage as the microstructure evolves after the initial load 

application and creeps unevenly [101].  Despite its practical importance, experimental 

information on the creep characteristics of cement paste at ages less than 72 hours is scarce in the 

literature. There are currently several hypotheses that attempt to characterize the viscoelastic 

behavior of cementitious composites [17, 59, 118-121], however the majority of them fail to 

completely capture the viscoelastic behavior. One possible explanation for this is that cement-

based materials are composite materials with stochastic matrix arrangements that are complex to 

model;  further the internal chemical components of cement-based materials alter during the 

hydration process, including the dissolution of existing components and the formation of new 

component materials, a process known as aging [101]. 

5.2 Constitutive Theories for Aging Viscoelastic Materials 

 A considerable amount of research has been conducted to develop reliable mathematical 

models for the viscoelastic behavior of viscoelastic materials, and many simple constitutive 

models have been effectively exploited, such as the Maxwell model, the Kelvin-Voigt model, 

and the Standard Linear Solid Model [122]. All these models prove to generate effective 

simulations for a linear viscoelastic material under different forms of stresses but fail to consider 

the effect of hydration reaction on creep of concrete [120, 121]. The two popular theories 

employed to model the aging creep are discussed in detail in the following sections.  

5.2.1 Solidification Theory 

 The solidification theory was initially derived by Bazant (1977) to explain the aging 

effect on concrete creep. The main concept of the model is that “hydration products are non-

aging viscoelastic materials and that aging effects are present on the bulk scale as a result of the 

gradual solidification of new hydration products” [102]. According to the model, individual 
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layers of the hydration products must solidify independent of stress which shows that the layers 

which are formed at the age t՛ are only stressed by loads which are applied after t՛. The 

solidification theory is demonstrated in below figure [123]. 

 

Figure 5.1 Conceptual diagram of solidifying material subjected to applied stress, σ. Carol and 
Bazant (1993). 

The ultimate form of the constitutive equation for uniaxial loading and deformation is as 

shown in the below equation. 

𝜕𝜕𝜕𝜕(𝑡𝑡)
𝜕𝜕𝜕𝜕

=  𝐽𝐽0
𝛾𝛾(𝑡𝑡)

𝜕𝜕𝜕𝜕(𝑡𝑡)
𝜕𝜕𝜕𝜕

+  1
𝛾𝛾(𝑡𝑡)∫

𝜕𝜕𝐽𝐽𝑡𝑡�𝑡𝑡−𝑡𝑡′�
𝜕𝜕𝑡𝑡′

𝜕𝜕𝜕𝜕�𝑡𝑡′�
𝜕𝜕𝑡𝑡′

𝑡𝑡
0 𝑑𝑑𝑡𝑡′ +  𝜕𝜕𝜀𝜀

𝑓𝑓(𝑡𝑡)
𝜕𝜕𝜕𝜕

        Equation 5.1 
      

J0 denotes instantaneous elastic uniaxial compliance, 𝛾𝛾(𝑡𝑡) denotes aging function for the 

material (representing the volume fraction of solidified material), Jg(𝑡𝑡 – 𝑡𝑡′) denotes non-aging 

viscoelastic uniaxial compliance of the cement gel which is dependent on a single variable (𝑡𝑡 – 

𝑡𝑡′), and ε f(t) denotes free strain. Since Jg is dependent on a single variable, it can be expressed by 

models such as a Kelvin chain. Another form of the constitutive equation for a solidifying, linear 

viscoelastic material is expressed as:  

𝜎𝜎(𝑡𝑡) =  ∫ 𝛾𝛾(𝑡𝑡′) 𝜕𝜕𝜕𝜕�𝑡𝑡
′�

𝜕𝜕𝑡𝑡′
𝑡𝑡
0 𝐸𝐸𝑔𝑔(𝑡𝑡 − 𝑡𝑡′)𝑑𝑑𝑡𝑡′          Equation 5.2 
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Where (𝑡𝑡) is the aging function, 𝐸𝐸 (𝑡𝑡 − 𝑡𝑡′ ) is the non-aging viscoelastic uniaxial moduli 

of the solidifying phases [124]. 

From Equation 3.1 the elastic component may be written as: 

𝜕𝜕𝜕𝜕(𝑡𝑡)
𝜕𝜕𝜕𝜕

=  𝐽𝐽0
𝛾𝛾(𝑡𝑡)

𝜕𝜕𝜕𝜕(𝑡𝑡)
𝜕𝜕𝜕𝜕

            Equation 5.3 

The above equation explains that the instant strain in the material is reliant on the age 

when the load was initially applied. The main advantage of the solidification theory is that it can 

be effectively used to model the aging viscoelastic properties of both concrete and cement paste. 

Solidification theory cannot be physically represented by a simple change in the rate of 

viscoelastic response. 

5.2.2 Time–Shift Approach 

A characteristic of thermorheologically simple materials is that the shape of the functions 

on the log time scale does not change with loading age. By measuring the viscoelastic 

compliance or modulus at multiple ages and selecting one age to be the ‘master’, the retardation 

or relaxation times for the other ages are simply shifted by a constant factor until they fall in line 

with the master curve on a log–log plot [102]. 

The time–shift approach used for modeling aging viscoelasticity corresponds with the 

time–temperature superposition principle. The principle states that the change in the temperature 

leads to increase or decrease in the relaxation times[122]. The outcome is basically a shift in the 

constitutive functions along the log time axis without changing the shape of the curves. The 

aging of viscoelastic materials may be explained using temperature superposition principle. 

The shift coefficients for each age can be determined and fit to a function At using the 

following equation [102]. 

𝐴𝐴𝑡𝑡 =  �𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟
𝑡𝑡
�
𝜇𝜇

             Equation 5.4 

Here tref is the reference master age, t is the current age, and μ is a fitting/shift parameter 

[125]. The constitutive equation for an aging material is given as [126] 

𝜀𝜀𝑖𝑖𝑖𝑖(𝑡𝑡) =  ∫ 𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖�𝜉𝜉(𝑡𝑡) − 𝜉𝜉(𝑡𝑡′)� 𝜕𝜕𝜎𝜎𝑘𝑘𝑘𝑘�𝑡𝑡
′�

𝜕𝜕𝑡𝑡′
𝑑𝑑𝑡𝑡′𝑡𝑡

0 + 𝜀𝜀𝑓𝑓(𝑡𝑡)𝛿𝛿𝑖𝑖𝑖𝑖       Equation 5.5 
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where ξ is a pseudo-time and ξ(t) −ξ(t’) is expressed as [102] 

𝜉𝜉(𝑡𝑡) − 𝜉𝜉(𝑡𝑡′) =  ∫ 𝑑𝑑𝑡𝑡′′

𝐴𝐴𝑡𝑡(𝑡𝑡′′)
𝑡𝑡
𝑡𝑡′            Equation 5.6 

It has been proved that the shape of the relaxation function was conserved during aging, 

and this technique could be utilized to cement paste to explain aging effect on short-term early 

age stress relaxation [127]. 

The time–shift approach is phenomenological and is not linked to any specific proposed 

aging mechanism, per se [102]. The ability of the time–shift approach to accurately model the 

aging of a viscoelastic material simply implies that the aging manifests itself as nothing more 

than a change in the retardation or relaxation rate with age, with no change in ultimate 

magnitudes of viscoelastic behavior. For example, for a material characterized by a Kelvin chain, 

aging according to the time–shift approach would simply be represented by age-dependent 

viscosities or age dependent retardation times in a Dirichlet or Prony series expansion [102]. 

In the present study the author proposes to model the aging creep behavior of cement 

paste at nanoscale using microstructure dependent solidification and time-shift approaches. 

5.3 Methodology 

The neat cement paste sample with 0.35 water to cement ratio was prepared as described 

in Section 3.3.1 and was polished using method PM1 (Table 3.1). Characterizing the aging creep 

behavior of cement paste at nanoscale requires hydration reaction to be arrested. Previous studies 

have documented various methods of arresting hydration and subsequent drying techniques. 

Some of the most common techniques are microwave drying, oven drying, dry ice drying, freeze 

drying and solvent exchange [128-131].  According to the literature review, solvent exchange 

and freeze drying methods preserve the microstructure of the cement paste and cause the least 

damage to the sample[132]. Thus, in the present study the ongoing hydration of the cement paste 

sample was arrested using solvent exchange and the freeze-drying method. The following 

sections discuss the procedures adopted for each method. 
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5.3.1 Solvent Exchange Method 

The hydration of the sample is arrested using solvent exchange method with isopropyl 

alcohol. This method is considered to be effective compared to other hydration freeze methods as 

it best protects the microstructure[128]. In an effort to arrest the hydration of 0.35 w/c sample at 

different ages, slices of sample of size approximately 3 mm thick and 16 mm diameter (Figure 

5.2) were submerged in isopropyl alcohol after desired time of casting (0.25D, 0.5D, 1D, 2D, 

3D, 7D, and 28D) with a solvent to sample ratio of 100:1. The sliced sample discs are soaked in 

the solvent for 7 days in a glass beaker and is sealed using aluminum foil.  The solvent is 

renewed every hour for the first 8 hour and then for every 24 hr. After 7 days of soaking the 

samples are dried in oven for 24 hr. at 100oC to desorb alcohol from the hydrated cement paste 

pore surface [133]. Thereafter samples were stored in vacuum desiccator until further testing. 

Solvent exchange can arrest hydration in the depth of interest within a short period of time. Thus, 

enables study of a given “age”.  

   

Figure 5.2 Images of 0.35 w/c whose hydration was arrested using solvent exchange method at 
(A) 0.25D (B) 28D (C) Polished 0.35 w/c sample disc of approximately 16 mm dia. 

5.3.2 Freeze Drying Method 

 Freeze-drying is a typical method used in many different industries, including the 

agricultural and food sectors as well as the biological sciences[134]. Freeze drying is also 

considered to causes less damage to the microstructure of the cement paste than oven drying. 

Approximately 2g of the cement paste after a particular time of interest (0.25D, 0.5D, 1D, 2D, 

3D, 7D, and 28D) was placed in a steel container. The container was fully immersed in the 3L 

Dewar containing liquid nitrogen (-196 °C) for 5 minutes. The ice microcrystals may be formed 

due to this rapid cooling process at a very low temperature. This mechanism restricts the 

formation of large ice crystals that would otherwise form in larger pores and creates compressive 

(A) (B) (C) 



68 

stress in smaller porosity zones that have not yet completely frozen [128, 132, 134]. Then, the 

sample was carefully removed from liquid nitrogen and was immediately placed in the plastic 

vials and was covered with a cloth. The vials were then placed in the Labconco FreeZone 

Benchtop freeze dryer for at least 2 days, where in the temperature was maintained below -50 °C 

and vacuum at 0.1 Torr. The samples then removed from freeze dryer were stored in vacuum 

desiccator until further testing. 

5.3.3 Nanoindentation Based Creep Tests 

A Hysitron Triboindenter model TI Preimer fitted with Berkovich indenter tip is used to 

perform reference creep tests on the specimen with a step load function in which the second 

(longer) reference frequency segment will be analyzed as the creep. A cohort of statistical 

nanoindentation based creep experiments at a maximum critical load of 1695µN with grid size 

and grid spacing of 10 x 10 and 3 µm were performed on cement paste samples at various ages. 

The maximum critical load was of on different cementitious materials was performed. 

 

Figure 5.3 Step load function with a constant maximum load Pmax = 1695 μN. 

 The nanoindentation test consisting of a trapezoidal shape load history with 5s loading 

segment, 30s holding segment and 5s unloading segment is shown in Figure 5.3. The short 
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loading and unloading segments are selected to minimize any creep during this time. The data of 

reference indent displacement (nm) and Er (Gpa) are extracted to perform analysis. The use of 

nanoindentation to perform creep/relaxation tests has the benefit of greatly minimizing the time 

of transitory creep-relaxation owing to the high degree of stress caused by the indenter tip 

sharpness [64]. 

5.3.4 Constitutive Modeling of Aging Creep Using Solidification Theory 

 The well-known solidification theory which was discussed in Section 5.2.1 is also 

considered and applied to model the aging creep behavior of early age cement paste in the 

present study. The theory does not consider any non-solidified elements of the cement paste such 

as water, cement grains, and pore solution. This approach solely based on the formation of 

hydration (solidifying) products with time in a stress-free state. In other words, already formed 

hydration products are subjected to stress and is a function of degree of hydration at the time of 

load application (Figure 5.1). The aging function [102] as a function of time t for solidification 

approach is given as  

1
𝛾𝛾(𝑡𝑡)

= 𝛽𝛽1𝑒𝑒−𝜔𝜔1𝑡𝑡 + 𝛽𝛽2𝑒𝑒−𝜔𝜔2𝑡𝑡            Equation 5.7 

where β and ω are constants, using elastic-viscoelastic correspondence principle the creep 

compliance equation can be written as 

𝐽𝐽(𝑡𝑡) = 1
𝛾𝛾(𝑡𝑡)�

1
𝐸𝐸0

+ ∑ 1
𝐸𝐸𝑖𝑖

 
�1−𝑒𝑒

−𝑡𝑡 𝑡𝑡ℎ� �

(1−𝑒𝑒−1)
3
𝑖𝑖=1 �             Equation 5.8 

 The reduced modulus of each age is normalized to pseudo reference age (28D) and the 

aging function Equation 5.7 is fit the aging reduced moduli data. Unique age factor is obtained 

for each age and the measured creep data of 28D (pseudo reference age) is fit to Equation 5.8. 

Thereafter based on the average fit parameters (Equation 5.8) of reference age and the particular 

aging function 𝛾𝛾(𝑡𝑡), the creep compliance of all other early age samples is predicted. 

5.3.5 Constitutive Modeling of Aging Creep Using Time-Shift Approach 

As discussed in the Section 5.2.2, the time-shift method was used to model the aging 

creep of cement paste. It is crucial to ensure that no aging of the sample occurs at any time 
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throughout the creep testing for this method to be useful for cement paste. This was 

accomplished by successfully stopping the ongoing hydration using solvent exchange and freeze 

dry method. The master age for the sample was 28 days, and all the other age samples are shifted 

to fall in line with the master age by adjusting the age factor µ and then the measured creep 

compliance was plotted against the pseudo time 𝜉𝜉(𝑡𝑡) − 𝜉𝜉(𝑡𝑡′) on a log scale and is given by 

𝜉𝜉(𝑡𝑡) − 𝜉𝜉(𝑡𝑡′) =  𝑡𝑡
1+𝜇𝜇−𝑡𝑡′1+𝜇𝜇

1+𝜇𝜇
           Equation 5.9  

The creep compliance equation to obtain the predicted (shift) creep behavior is expressed as 

𝐽𝐽(𝑡𝑡, 𝑡𝑡′) = 1
𝐸𝐸0

+ ∑ 1
𝐸𝐸𝑖𝑖

 
�1−𝑒𝑒

−�𝜉𝜉
(𝑡𝑡)−𝜉𝜉�𝑡𝑡′�

𝑡𝑡ℎ
� �

�

(1−𝑒𝑒−1)
3
𝑖𝑖=1                                                Equation 5.10 

 The measured creep compliance curves and the respective fit parameters were obtained 

(Figure 3.2) using Equation 3.13. After obtaining the age factor µ and the measured average fit 

parameters for all age samples, the creep compliance curves of early ages are predicted using 𝜇𝜇 

and the average fir parameters of the reference master age (28D). The creep compliance equation 

to obtain the predicted (shift) creep behavior is expressed as Equation 5.10. The flowchart of the 

process for obtaining 𝜇𝜇, 𝜉𝜉(𝑡𝑡) − 𝜉𝜉(𝑡𝑡′) and applying the time-shift approach to model the aging 

creep behavior of early age samples is shown in Figure 5.4 and Figure 5.5. 
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Figure 5.4 Flowchart of the process for obtaining age shift factor and pseudo time. 

  

Figure 5.5 Flowchart of the process for applying the time-shift approach to model aging creep. 
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5.4 Results and Discussions 

The following sections discusses the efficacy of using solidification and time shift 

methods to predict the aging creep behavior of early age cement paste at the nanoscale. In 

addition, the reduced modulus is explored in relation to the two methods used to arrest the 

hydration reaction of cement paste: solvent exchange and freeze drying. 

5.4.1 Solidification Theory 

  The aging function 𝛾𝛾(𝑡𝑡) was obtained using Equation 5.7 and was directly fit to the aging 

reduced modulus elastic compliance. This aging function depends on the volume fraction of 

already formed solidified hydration phases. Two fit parameters in the aging function (Equation 5.7) 

ensured good agreement between the fit and the experimental reduced modulus elastic compliance. 

 The fit between the elastic compliance data (normalized to 28 days) and the aging 

function of cement paste at different ages (prepared using solvent exchange and freeze-drying 

methods) is shown in Figure 5.6 and 5.7 below. The modified correspondence principle was 

employed to determine the aging function (Equation 5.7) to avoid the complicated computation 

of constitutive equation requiring numerical analysis [102]. The adopted form of aging function 

reasonably fits the elastic compliance data for required age of the cement sample. The cement 

paste samples are fully characterized with the knowledge of aging function and average fit 

parameters of the reference age (28 days). 
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Figure 5.6 Normalized aging elastic compliance fit to the aging function of cement paste: 

hydration arrested using solvent exchange. 

  
Figure 5.7 Normalized aging elastic compliance fit to the aging function of cement paste: 

hydration arrested using freeze-drying. 
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 The creep response of early age samples (hydration arrested using solvent exchange 

method) is predicted and compared with the measured data as seen in Figure 5.8 to 5.14. It can 

be observed that the solidification theory is able to account and predict the aging creep behavior 

of cement paste of early ages using the fit parameters of 28 days. Specifically, the predicted 

compliance shows good agreement with the measured compliance of early age samples (Figure 

5.8 and 5.9), asserting that rate of hydration reaction is the important factor contributing for the 

aging of the cement paste. As seen in the graph, the shape of the compliance function is not 

preserved, the possible reason for this might be that the solidification approach disregards the 

effect of dissolution of cement particles or any other unhydrated phases of the cement paste on 

the viscosity or stiffness and only takes into account the effect of newly formed hydration 

products. Since the rate of growth of new hydration phases is significant during the early ages, 

the method efficiently models the instantaneous elastic response, as can be seen in the plots.  

  

 
Figure 5.8 Measured and predicted normalized creep compliance of 0.25D cement paste using 

solidification theory: hydration arrested by solvent exchange method.  
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Figure 5.9 Measured and predicted normalized creep compliance of 0.5D cement paste using 

solidification theory: hydration arrested by solvent exchange method.  

 
Figure 5.10 Measured and predicted normalized creep compliance of 1D cement paste using 

solidification theory: hydration arrested by solvent exchange method.  
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Figure 5.11 Measured and predicted normalized creep compliance of 2D cement paste using 

solidification theory: hydration arrested by solvent exchange method.  

 
Figure 5.12 Measured and predicted normalized creep compliance of 3D cement paste using 

solidification theory: hydration arrested by solvent exchange method. 
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Figure 5.13 Measured and predicted normalized creep compliance of 7D cement paste using 

solidification theory: hydration arrested by solvent exchange method.  

 
Figure 5.14 Measured and predicted normalized creep compliance of 28D cement paste using 

solidification theory: hydration arrested by solvent exchange method.  
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 When the stress is applied at later ages, the creep rate and magnitude are visibly reduced 

for each material (Figure 5.8 to 5.14) due to aging, which is defined as filling the pores of 

hardened cement paste with the hydration products as indicated in the aging function. This 

demonstrates that freezing the hydration of cement paste using isopropanol exchange preserves 

the porous structure of the sample and causes little to no damage to the microstructure.  

 The creep compliance of cement paste samples whose hydration is arrested using freeze 

drying method at various ages is predicted and compared with the measured data as seen in 

Figure 5.15 to 5.21. The solidification theory is less effective in predicting the aging creep of 

0.25D and 0.5D (Figure 5.15 and 5.16) samples compared to other age samples. As discussed 

previously, this might be due to the inability of freeze-drying method to preserve the 

microstructure of the cement paste sample. Further, the graphs show that no obvious pattern of 

the creep response decreasing with the age of the sample is seen. Along with modifying the 

microstructure of the cement paste, the high vacuum in the freeze dryer disintegrates ettringite 

and monosulphate [135] and critically damage the porous structure. The solidification works best 

to model the aging viscoelastic properties of cement given that the hydration of the sample is 

arrested. The theory only considers the intrinsic strain response to the stress applied on the 

already formed hydration phases and neglects aging due to the dissolution or polymerization of 

C-S-H with the degree of hydration. Thus, it is crucial to carefully eliminate aforementioned 

phenomena in the cement paste sample through hydration freeze to successfully employ the 

solidification theory to model aging creep. 
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    Figure 5.15 Measured and predicted normalized creep compliance of 0.25D cement paste 

using solidification theory: hydration arrested by freeze drying method. 

 
Figure 5.16 Measured and predicted normalized creep compliance of 0.5D cement paste using 

solidification theory: hydration arrested by freeze drying method. 
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 Figure 5.17 Measured and predicted normalized creep compliance of 1D cement paste 

using solidification theory: hydration arrested by freeze drying method. 

 
Figure 5.18 Measured and predicted normalized creep compliance of 2D cement paste using 

solidification theory: hydration arrested by freeze drying method. 
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Figure 5.19 Measured and predicted normalized creep compliance of 3D cement paste using 

solidification theory: hydration arrested by freeze drying method. 

 
Figure 5.20 Measured and predicted normalized creep compliance of 7D cement paste using 

solidification theory: hydration arrested by freeze drying method. 

0.1

1

0.1 1 10 100

3D(P)
3D(M)

J(
t) 

(1
/G

Pa
)

Time (s)

0.1

1

0.1 1 10 100

7D(P)
7D(M)

J(
t) 

(1
/G

Pa
)

Time (s)



82 

 
Figure 5.21 Measured and predicted normalized creep compliance of 28D cement paste using 

solidification theory: hydration arrested by freeze drying method. 

5.4.2 Time Shift Approach 

The load applied to model aging creep was a step function that stayed constant during the 

test. As a result, the measured creep compliance was directly plotted against pseudo time 

(Equation 5.9), and the age factor 𝜇𝜇 was modified until the measured creep compliance was 

consistent across all other ages (Figure 5.22 and 5.23). Because nanoindentation allow the 

sample to be unloaded after each indent, the aging that occurs during each test is accurately 

accounted for. Furthermore, freezing the hydration of cement paste samples using the solvent 

exchange and freeze-drying technique at the specified time (age) ensured that the snapshot 

principle was not violated. This is evident from the Figure 5.22 and 5.23. Using this fitting 

procedure, all ages were concurrently adjusted, allowing the precise estimation of 𝜇𝜇. 
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Figure 5.22 Shifted compliance of all age cement paste samples using age factor 𝜇𝜇: hydration 

arrested using solvent exchange method.  

 
Figure 5.23 Shifted compliance of all age cement paste samples using age factor 𝜇𝜇: hydration 

arrested using freeze-drying method.  

0.001

0.01

0.1

0.01 0.1 1 10

0.25D
0.5D
1D
2D
3D
7D
28D

N
or

m
al

iz
ed

  J
(t)

 (1
/G

Pa
)

ξ(t) - ξ(t')

0.001

0.01

0.1

0.01 0.1 1 10

0.25D
0.5D
1D
2D
3D
7D
28D

ξ(t) - ξ(t')

N
or

m
al

iz
ed

  J
(t)

 (1
/G

Pa
)



84 

  Figure 5.22 and 5.23 shows the normalized shifted compliances (Equation 5.10) of 

cement paste sample whose hydration is stopped using solvent exchange and freeze-drying 

method. It can be clearly seen in Figure 5.22 that except for 0.25D and 0.5D age samples, all 

other age samples clearly align with each other. The result indicates that the aging creep behavior 

of early age samples cannot be completely modelled using time shift approach. This is because 

the rate of hydration is significant in the early ages as the aforementioned method fails to account 

for the change in strain response due to solidification. It is apparent from the Figure 5.23 that 

shifted compliance curves for 0.25D and 0.5D fail to maintain the shape of the compliance 

function in comparison to other age samples, this is because the freeze-drying approach fails to 

preserve the pores in the finest pore size region and crystallization of the pore water is expected 

and disturbs the microstructure of the cement paste [136].The plots of shifted compliances shows 

that the curves of all ages except for 0.25D and 0.5D reasonably fall in line with the reference 

age (28D). Particularly in case of solvent exchange method the overlap of compliance functions 

with reference age is prominent compared to the freeze-drying method. 

 
Figure 5.24 Measured and predicted normalized creep compliance of 0.25D cement paste using 

time shift approach: hydration arrested by solvent exchange method. 
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Figure 5.25 Measured and predicted normalized creep compliance of 0.25D cement paste using 

time shift approach: hydration arrested by solvent exchange method. 

 
Figure 5.26 Measured and predicted normalized creep compliance of 1D cement paste using time 

shift approach: hydration arrested by solvent exchange method. 
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Figure 5.27 Measured and predicted normalized creep compliance of 2D cement paste using time 

shift approach: hydration arrested by solvent exchange method. 

 
Figure 5.28 Measured and predicted normalized creep compliance of 3D cement paste using time 

shift approach: hydration arrested by solvent exchange method. 
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Figure 5.29 Measured and predicted normalized creep compliance of 7D cement paste using time 

shift approach: hydration arrested by solvent exchange method. 

 
Figure 5.30 Measured and predicted normalized creep compliance of 28D cement paste using 

time shift approach: hydration arrested by solvent exchange method. 
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The measured and predicted compliance curves plotted using the fit parameters of 

reference age and aging shift parameter 𝜇𝜇 for all other age samples whose hydration reaction was 

arrested using solvent exchange method are shown below (Figure 5.24 to 5.30). 

The predicted curves show decent fit with the measured data and the fit show excellent 

match particularly for later ages (Figure 5.26 to 5.30). The statistical analysis of the data through 

F test also indicates that the measured and the predicted creep data are not statistically different 

with p-value being considerably greater than the α (=0.05). The results highlights that the time 

shift approach is less sensitive to the change in intrinsic C-S-H aging rate specially at early age 

(Figure 5.24 and 5.25), confirming that the constitutive model is phenomenological and is 

unrelated to any particular suggested aging process (solidification or dissolution). The resulted 

predicted creep response of 1, 2, 3, 7, and 28 days (Figure 5.26 to 5.30) strengthens the argument 

that the time shift approach is capable of accounting for aging at later ages or long-term creep 

response that occurs in absence or low rate of hydration reaction.  

The small size of the sample (17mm x 3mm) and testing at short length scale allows to 

freeze the hydration of the cement paste successfully at desired age. Stopping further hydration 

of the sample avoids under prediction of creep at later ages and minimizes error in determining 

the aging shift parameter 𝜇𝜇. It is challenging to predict aging creep using test data obtained from 

a macroscale compliance test in which the cement paste sample is continually hydrating. In 

macroscale creep testing it is difficult to neglect the aging occurring in successive time frame. 

This incapability of time shift approach to account for the formation of new hydration products 

results in significant difference between the measured and predicted compliance, emphasizing 

the need of studying the viscoelasticity of cement paste/concrete at nanoscale versus the 

meso/macro scale. Time shift approach appears to yield agreeable prediction compliance curves 

for the cement paste sample whose hydration is stopped using solvent exchange method. 

The measured and predicted creep compliance curves plotted using the fit parameters of 

reference age and aging shift parameter 𝜇𝜇 for all other age samples whose hydration reaction was 

arrested using freeze drying method are shown below (Figure 5.31 to 5.37). 
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Figure 5.31 Measured and predicted normalized creep compliance of 0.25D cement paste using 

time shift approach: hydration arrested by freeze drying method. 

 
Figure 5.32 Measured and predicted normalized creep compliance of 0.5D cement paste using 

time shift approach: hydration arrested by freeze drying method. 
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Figure 5.33 Measured and predicted normalized creep compliance of 1D cement paste using time 

shift approach: hydration arrested by freeze drying method. 

 
Figure 5.34 Measured and predicted normalized creep compliance of 2D cement paste using time 

shift approach: hydration arrested by freeze drying method. 
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Figure 5.35 Measured and predicted normalized creep compliance of 3D cement paste using time 

shift approach: hydration arrested by freeze drying method. 

 
Figure 5.36 Measured and predicted normalized creep compliance of 7D cement paste using time 

shift approach: hydration arrested by freeze drying method. 
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Figure 5.37 Measured and predicted normalized creep compliance of 28D cement paste using 

time shift approach: hydration arrested by freeze drying method. 
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viscoelasticity of cement paste irrespective of hydration freeze method. Evidence that the time 

shift method is appropriate for modeling viscoelastic aging is provided by plots (Figure 5.31 to 
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accurate estimate of aging creep at later ages, it does not account for the strain response of newly 
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method. The table indicates that the microstructure of the sample is aging (due to formation new 

hydration phases and dissolution of unhydrated phases).  

 The increase in the modulus with the age of the sample confirms the efficacy of hydration 

freeze methods (solvent exchange and freeze drying) employed in the present study. The 

complex microstructure of the cement paste at nano scale answers the deviation between the 

modulus values of the two hydration methods. Good agreement of the mean modulus values at 

later age (7D and 28D) of the sample (Table 5.1) can be seen compared to the samples at early 

hydration stages. However, the reduced modulus values are still comparable and is of little 

concern at early ages. As discussed already, the freeze-drying method is known to damage the 

microstructure by critically altering the pore structure of the cement paste sample. Table 5.1 

demonstrates that for 0.25D and 0.5D sample prepared from freeze drying method, the maximum 

displacement recorded during creep based nanoindentation test with a constant load of 1695µN is 

considerably higher than the samples obtained from solvent exchange. 

Table 5.1 Comparision of solvent exchange and freeze drying method with respect to reduced 
modulus and maximum displacement. 

Sample 

(days) 
Mean Reduced Modulus, Er (GPa) Max. Displacement (nm) 

 Solvent Exchange Freeze Drying Solvent Exchange Freeze Drying 

0.25 8.0 7.2 396.5 1854.7 

0.5 9.9 15.9 442.9 1764.2 

1 14.4 21.9 467.9 403.3 

2 16.0 23.6 409.4 376.8 
3 18.2 25.9 403.6 377.7 

7 21.0 26.5 400.9 414.0 

28 36.3 38.5 253.9 266.9 

   

 The percentage increase in the displacement for 0.25D and 0.5D samples between the 

two hydration freeze methods is approximately 350% and 300% respectively. This indicates that 

the freeze-drying method fails to solidify the water in amorphous state and enhance the 

possibility of crystallization. When the samples are placed in freeze dryer at high vacuum 
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pressure (0.1 Torr), it was observed that the microstructure was damaged due to microcracks 

produced during the sublimation of the solid ice to gaseous state [137]. Furthermore, hydraulic 

pressure, crystallization pressure, and pressure from volume expansion, may be generated during 

the freezing process and might cause damage to the porous structure of the cement paste [138] 

(increase in the porosity). Thus, the higher displacement values for samples at early hydration 

stage agrees with the previous studies stating that soaking the cement paste sample in liquid 

nitrogen and successive drying at high vacuum is not recommended. 

5.5 Conclusions 

 The framework of viscoelastic nanoindentation analysis presented in this chapter is based 

on the time dependent constitutive equations. Cement paste sample with w/c of 0.35 was 

prepared and the hydration of the sample was arrested using solvent exchange and freeze-drying 

methods. The aging viscoelasticity of cement paste samples is modeled using time shift and 

solidification approaches. The results are summarized as follows: 

1. Recognizing the presence of C-S-H at the nanoscale, the primary contributor to concrete's 

viscoelasticity, the nanoindentation technique is shown to be an essential tool to 

characterize the aging viscoelastic characteristics of cement paste. 

2. Adopting the approach of freezing the hydration of cement paste at age of interest 

allowed to investigate the samples successfully using nanoindentation and model the 

aging creep using two constitutive models. The hydration freeze methods have 

established that the hydration is instantly arrested in the first few layers of the cement 

paste sample. The ability of hydration freeze methods combined with capability of 

nanoindentation to perform indentation at shallow depths (<3 µm) proved the reliability 

of the creep test data of samples at desired age.  

3. The study clearly demonstrated that solvent exchange is the preferred method to prepare 

the cement paste samples to study the aging properties at short length scale. The study 

demonstrates that the freeze-drying method substantially affects the pore structure of the 

cement paste causing an increase in the porosity as depicted by the considerable increase 

in the maximum indent depth of the samples, particularly in early hydration stages. 
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4. In the context of pyramidal indentation, the time shift technique and solidification theory 

were successfully modified and developed and were productively used to model the aging 

creep of cement paste at the nanoscale. 

5. Time shift method and solidification theory are significantly sensitive to the various 

aging process of cement paste such as solidification, dissolution, and polymerization of 

hydration products. The significant errors due to violation of snapshot principle was 

totally avoided by restricting any further hydration or aging of the cement paste sample.   

6. The time shift approach appears to be promising fit to model the aging viscoelasticity of 

cement paste at later ages. The method accounts for the inherent viscoelastic aging by 

simply shifting the relaxation time but is restricted in accounting for the hydration related 

effects. Additional shortcoming of the time shift technique in predicting the aging creep 

of cement paste is that it is dependent on the form of the aging factor used. 

7. The solidification theory is better able to characterize the viscoelastic aging behavior of 

the cement paste in comparison with the time shift model. The major drawback of 

solidification theory is that it disregards other aging process such as dissolution or 

polymerization of hydration products and assumes the stresses carried by unhydrated 

phases is zero. But this assumption was validated by arresting the hydration of cement 

paste. 

8. The proposed study demonstrates that solidification theory can be effectively employed 

to predict the aging viscoelasticity of cement paste. Unlike at macroscale, the model at 

nanoscale convincingly characterizes the aging creep by taking into consideration the 

aging associated with formation of new hydration phases and rate type aging.   

The present study advocates to freeze the hydration of the cement paste using solvent exchange 

method to model the viscoelastic aging behavior of the cement paste at nanoscale using 

solidification theory. 
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Chapter 6 - Conclusions 

The overall motivation of the thesis is to study the aging viscoelastic properties of cement 

paste at nanoscale. Because of their slenderness and considerable flexibility, prestressed concrete 

structures are especially vulnerable to creep effects, and are highly crucial in the safety study of 

nuclear reactor containments and vessels. The stress relaxation generated by creep is beneficial 

in alleviating the consequences of cooling, differential creep, shrinkage, and differential 

settlements, but it is unfavorable in the event of a stress loss in prestressing tendons. With the 

goal of better understanding long term performance of concrete and cementitious composites, 

nanoindentation based creep and stress relaxation experiments were performed on cement paste 

samples with varying porosity and at different ages. To achieve the aforementioned goal the 

study was structured into four objectives: i) address and reduce the uncertainties of using 

nanoindentation to study cementitious materials, ii) derive closed form analytical solutions to 

model the nanoscale viscoelastic properties of cementitious composites, iii) study effect of creep 

and stress relaxation on the long-term performance of irradiated cement paste iv) nanoscale 

modeling to characterize the aging viscoelastic behavior of cement paste.    

The study towards identifying and reducing the uncertainties associated with 

nanoindentation concluded that it is important to achieve the porosity dependent critical 

indentation depth. To homogenize the cementitious material and to obtain reliable data, choosing 

load corresponding to the critical indentation depth is critical. The result of the study also 

indicates that to design statistical/grid nanoindentation (grid size and grid spacing) depends on 

what microstructural details or the hydration phases of the cement paste the researcher wants to 

study. To satisfy the assumption (ideally smooth sample surface) involved with the 

nanoindentation technique was investigated and it was concluded that the surface roughness 

depends on the water to cement ratio and the curing age of the sample and thus to acknowledge 

the heterogeneity of the microstructure, the measured roughness should be considered in the 

context of the material being studied. The study clearly recommends PM2 discussed in Section 

2.2.2 and 2.3.3, as an efficient polishing technique to obtain smooth representative sample for 

nanoindentation test. The intention of the study was to present a quick guide for experimentalists 

to intelligently design their own nanoindentation experiments for cementitious materials. Further 

in an attempt to publish a standard for preparing samples and designing the statistical 
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nanoindentation experiments for cementitious materials, the study may need to investigate the 

individual hydration phases using the approach of deconvolution technique. 

The viscoelastic properties of cement paste are characterized by performing 

nanoindentation based creep and relaxation tests and is discussed in detail in Chapter 3. The aim 

of the study is to develop an effective and reliable theoretical model to analyze the creep and 

stress relaxation data. The findings suggest that, given the challenges (instrument selection, test 

design, test time, and operation) involved in applying consistent strain at a macro scale, 

nanoindentation is an efficient method for studying stress relaxation. In the study, closed form 

simple analytical solutions were derived to obtain, creep compliance function and relaxation 

modulus of the indented viscoelastic material (cement paste and polycarbonate). The constitutive 

solution to model the creep of the cement paste is derived using elastic-viscoelastic based 

correspondence principle. The inverse relationship between the creep and stress relaxation 

parameter in the frequency domain was successfully utilized to interrelate the creep and stress 

relaxation of cement paste. The results indicate descent agreement between the analytical 

solution and experimentally obtained data. Additionally, results show that the analytical closed 

loop solution is cross validated by feeding the relaxation fit parameters back into creep solution 

and vice versa. The reliability of the solutions derived was verified on the standard, more 

homogeneous polycarbonate sample. Finally, the study believes that direct relaxation 

measurement with corresponding closed form analytical solution offers better approach for 

extracting relaxation data and can be employed for future investigation of viscoelastic behavior 

of cementitious materials. 

Cementitious materials have proved to have excellent shielding capacity, energy 

absorption, durability, and high temperature resistance and hence used widely in nuclear power 

plants. Although the impact of radiations on the mechanical properties of concrete and 

cementitious materials has received substantial study, little is known about the creep and stress 

relaxation behavior of these materials after they have been exposed to radiation. Understanding 

cement paste's viscoelastic behavior allows for a detailed assessment of the long-term 

performance of irradiated concrete structures. Recent interest in extending the operating license 

of nuclear power plants has called for in detail study of time dependent properties of 

cementitious composites. Thus, the present work intends to add to the scant experimental data 

available through performing nanoindentation based creep and stress relaxation experiments on 



98 

irradiated and controlled cement paste sample with water to cement ratio of 0.35, 0.40, and 0.50.  

The specimens were exposed to combined neutron and gamma radiations for a time period of 

approximately 60 minutes. The total gamma dose received by the sample was calculated to be 

180 Mrad and the total neutron flux (fast and thermal) was 5.11 x 1012 cm-2 sec-1. The framework 

of viscoelastic nanoindentation analysis presented and discussed in Chapter 3 was used to 

characterize the stress relaxation and creep properties of cement paste. The time dependent creep 

compliance and relaxation modulus curves showed agreeable match between analytical solution 

and experimental data. The results demonstrated significant increase in the creep compliance and 

considerable decrease in the relaxation modulus of the irradiated cement paste compared to 

control samples. Substantial drop was observed in the measured Er and the degree of the 

percentage loss increased with increasing porosity of the sample. Contrary to previous research, 

the study's findings suggest that neutron and gamma radiations have a negative effect on the 

creep and stress relaxation behavior of cement paste. Irradiation produced a profound impact on 

nanomechanical properties for the samples studied at dose levels much lower than the nominal 

thresholds for damage (1018 N/cm2 & 1019 Grays).  To further understand and characterize the 

viscoelastic behavior of irradiated cement paste, it is important to differentiate between fast and 

thermal neutron dose effects. Additional experiments with varying gamma and neutron dose 

along with lower dose rates should be studied. 

 The key to understanding concrete structures' vulnerability to degradation and how that 

affects their ability to perform safety functions is studying relevant aging mechanisms and their 

possible effects on those structures. This knowledge also helps to decide on the necessary and 

best repair and remedial measures. Investigating the time-dependent viscoelastic behavior of 

cement paste is therefore coupled to the selection of an appropriate constitutive equation that will 

properly anticipate long term performance of the concrete structures under time-dependent 

displacement or loading. Aging mechanism in concrete is directly related to the changes in the 

microstructure of the cement paste. Thus, in this study, nanoindentation based creep tests were 

performed on the cement paste with water to cement ratio of 0.35. The samples of various ages 

were prepared by arresting the hydration of the cement paste using solvent exchange and freeze-

drying method. Two analytical constitutive models: time shift and solidification theory are 

employed to predict the aging creep of cement paste. The reduced modulus values recorded for 

the samples at different age implies that the hydration of samples was successfully arrested at 
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time of interest. The maximum displacement recorded during the creep test suggests that the 

solvent exchange approach, which has been shown to cause negligible damage to the pore 

structure, should be selected as freeze drying fails to retain the microstructure of the cement 

paste. The time shift approach which relates shift factors to the age is utilized to characterize the 

aging creep. The model was able to predict the creep behavior of the cement paste sample at later 

ages in comparison with the early. This is because the model simply shifts the compliance 

functions horizontally and fails to consider the intrinsic change in the microstructure with time 

due to solidification, dissolution or possible polymerization of C-S-H. As only the formation of 

new hydration phases is considered as part of the aging process, the well-known solidification 

theory that is used to model the aging creep of concrete at the macroscale is unable to account for 

the aging viscoelasticity of the material. This is because the theory ignores the response of other 

unhydrated phases to stress histories. This disadvantage was addressed by arresting the hydration 

of cement paste and the predicted compliance curves show better agreement with the measured 

data compared to time shift approach. Thus, the results recommends that it is important to freeze 

the hydration of cement paste using solvent exchange method and model the aging creep by 

solidification theory to study the viscoelastic aging behavior of cement paste. The study 

highlighted the effectiveness of nanoscale characterization of time dependent properties. Further, 

the accuracy of the models under study should be verified for cement paste samples with varying 

water to cement ratio. There is need to develop advanced model to predict the aging 

viscoelasticity of cement paste, accounting for various aging process including dissolution and 

polymerization of hydration phases. To understand the viscoelastic deformation properties and 

control microcracking, multiscale modeling of cement paste blended with alternative or 

supplemental cementitious materials is necessary. 
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Appendix A - Load Functions and Fit Parameters 

 

 

Figure A 1 Reference creep load function with reference segment of 5 seconds and maximum 
load of 1695 µN. 

 

 
Figure A 2 Basic elastic step load function for 0.35w/c sample. 
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Figure A 3 Basic quasi static trapezoid load function in displacement-controlled feedback mode 

and maximum depth of 180 nm. 
 

 
Figure A 4 Sample load–indentation depth curves from grid nanoindentation based creep test. 
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Table A 1 Average fit parameters for all age cement paste samples with 0.35 w/c. 

Age of the 
sample 

Hydration Freeze 
Method Average Fit Parameters (GPa) 

  E0 E1 E2 E3 

0.25 days 
Solvent Exchange 2.305 482.300 163.572 47.944 

Freeze Drying 0.726 32.510 12.424 9.527 

0.5 days 
Solvent Exchange 3.327 486.975 78.963 53.135 

Freeze Drying 0.772 60.497 17.595 7.117 

1 days 
Solvent Exchange 4.818 191.011 80.981 74.997 

Freeze Drying 3.615 281.916 102.096 152.233 

2 days 
Solvent Exchange 5.441 204.786 124.559 96.516 

Freeze Drying 7.301 321.142 253.659 111.928 

3 days 
Solvent Exchange 5.725 162.889 163.933 39.619 

Freeze Drying 5.567 316.927 121.084 78.933 

7 days 
Solvent Exchange 5.782 289.996 93.959 76.567 

Freeze Drying 6.024 247.023 63.438 37.968 

28 days 
Solvent Exchange 6.665 288.951 119.746 105.514 

Freeze Drying 7.383 327.814 165.382 112.346 
 

 

 

 

 

 

 

 

 

 

 



111 

Appendix B - Raw Data for Nanoindentation Based Creep and 

Stress Relaxation Test 

1. Relaxation tests   

(file://BRKR-MJ05V9VE/Users/ENGG autoCE1077/OneDrive/Relaxation%20tests) 

2. Creep tests 

(file://BRKR-MJ05V9VE/Users/ENGG auto CE1077/OneDrive/Relaxation%20tests/ 

Creep%20tests) 

3. Solvent exchange 

 (file://BRKR-MJ05V9VE/Users/ENGG autoCE1077/OneDrive/Solvent%20exchange) 

4. Freeze Drying  

(file://BRKR-MJ05V9VE/Users/ENGG autoCE1077/OneDrive/Freeze%20Drying) 

5. Irradiated samples  

(file://BRKR-MJ05V9VE/Users/ENGG autoCE1077/OneDrive/Nuclear%20samples) 
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