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Abstract:



Adding polymers to cementitious materials improves their workability and impermeability, but also increases their creep activity. In the present paper, the creep behavior of polymer-modified cement pastes is analyzed based on macroscopic creep tests and a multiscale model. The continuum micromechanics model allows for “downscaling” the results of macroscopic hourly-repeated ultra-short creep experiments to the viscoelastic behavior of micron-sized hydration products and polymer particles. This way, the increased creep activity of polymer-modified cement pastes is traced back to an isochoric power-law-type creep behavior of the polymers. The shear creep modulus of the polymers is found (i) to be two orders of magnitude smaller than that of the hydrates and (ii) to increase considerably with increasing material age. The latter result suggests that the creep activity of the polymers decreases with the self-desiccation-related decrease of the relative humidity inside the air-filled pores of cement paste. Furthermore, its decrease is most likely related to the penetration of cementitious hydrates into compliant polymer agglomerates.
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1. Introduction


Polymer-modified mortars and concretes (PCC) have gained wide attention in the fields of repair, restoration and construction [1,2,3]. The polymers are added, either in the form of redispersible powders or aqueous dispersions, in order to improve workability, impermeability, adhesive strength or ductility [4,5,6]. However, adding polymers to cementitious materials reduces their elastic stiffness and increases their creep activity compared to unmodified pastes [5,6,7,8,9]. The pronounced creep activity of sprayable polymer cement concretes (SPCC) [10,11] is beneficial for tunnel linings produced by means of the New Austrian Tunneling Method [12,13], because creep decreases compressive stresses in the lining, which result from the inward moving ground mass. For many other applications, the increased creep activity is not necessarily an advantage. Therefore, quantitative knowledge regarding the early-age creep behavior of polymer-modified cementitious materials is of significant importance.



Macroscopic early-age experiments provide valuable insight into the creep behavior of cementitious materials. As for conventional (unmodified) materials, creep testing enjoys a tradition of already more than 100 years [14,15] and typically consists of long-term creep tests with durations of several days to several years; see, e.g., the comprehensive creep database of Bažant and Li [16]. Rather recently, short-term early-age creep testing protocols were developed [17,18,19,20,21,22]. They include regularly-repeated creep tests with durations of a few minutes only, during which the chemical reaction between the binder and the water does not progress significantly. Therefore, regularly-repeated ultra-short creep tests provide insight into the hydration-driven evolution of the elastic stiffness and the non-aging creep properties of cementitious materials. The creep testing protocol of Irfan-ul Hassan et al. [19] was already applied to polymer-modified cement pastes [9]. This showed that polymer-modified cement pastes exhibit a smaller elastic stiffness, as well as a larger creep compliance compared to unmodified reference pastes. In the present contribution, the described short-term creep tests are further evaluated. Thereby, the focus rests on exploiting the macroscopic creep testing data, in the context of top-down analysis, such as to get quantitative insight into the creep properties of the microscopic polymer particles. Multiscale modeling is used as the vehicle for the required macro-to-micro-scale-transition.



Multiscale models, developed in the framework of continuum micromechanics, have been successfully applied to cementitious materials, in order to predict the hydration-induced evolutions of their elastic stiffness [9,23,24,25,26,27,28], their compressive strength [29,30,31] and their viscoelastic behavior [22,32,33]. The hierarchically-organized microstructure of cement pastes was resolved down to the scales of the observation of unhydrated cement grains, capillary pores and hydration products (called “hydrates”). Universal, i.e., age- and composition-independent (visco-)elastic and strength constants of these microstructural constituents have been (i) identified and (ii) shown to be the origin of the age- and composition-dependent macroscopic material behavior of cementitious materials. The significance of the universal creep properties of the hydrates, identified by Königsberger et al. [33], was corroborated by comparing model-predicted creep functions with results from the independent creep tests of Tamtsia and Beaudoin [34], who performed 30-day-long creep tests on 30-year-old Portland cement pastes.



The present paper aims at understanding and quantifying the micromechanical origin of the more pronounced creep activity of polymer-modified cement pastes. To this end, we (i) employ the aforementioned universal creep properties of hydrates from [33] and (ii) check whether or not the universality of creep properties also applies to the polymers distributed within the microstructure of cement paste. Thereby, the microstructure of cement paste is represented by means of a two-scale model. The latter follows (i) Pichler et al. [26] by introducing needle-shaped (rather than spherical) hydrates, (ii) Pichler and Hellmich [29] by distinguishing the “hydrate foam”-scale from the “cement paste”-scale, as well as (iii) Göbel et al. [28] by introducing a spherical polymer phase at the same scale as the hydrate needles and the capillary pores. The multiscale model is used to “downscale” results from the aforementioned macroscopic ultra-short creep tests on polymer-modified cement pastes [9] to the creep properties of micrometer-sized polymers.



The remainder of the paper is organized as follows. The multiscale model for elasticity and creep homogenization of polymer-modified cement pastes is discussed in Section 2. The developed scale-transition relations establish a link between the microscopic creep behavior of the polymer particles and the macroscopic creep behavior of the polymer-modified cement pastes. This opens the door to the top-down identification of the polymer creep behavior, described in Section 2. The available short-term creep tests on polymer-modified cement pastes are briefly summarized in Section 3.1. Two different strategies for top-down identification of the creep behavior of the polymer particles are implemented: (i) consideration of age-independent and, thus, constant creep properties of the polymers (see Section 3.2) and (ii) age-dependent and, thus, evolving creep properties (see Section 3.3). The paper finishes with concluding remarks (see Section 4).




2. Modeling the Hydration-Induced Evolutions of the Non-Aging Creep Properties of Polymer-Modified Cement Pastes


2.1. Micromechanical Representation of Polymer-Modified Cement Pastes


Cement pastes exhibit a hierarchically-organized microstructure that can be represented by means of two scale-separated representative volume elements (RVEs) [29]: a polycrystalline RVE of hydrate foam, at the micron scale, and a matrix-inclusion-type RVE of cement paste, at the sub-millimeter scale (see Figure 1). Thereby, the heterogeneous microstructure of cement paste is considered to consist of quasi-homogeneous sub-domains, called material phases. They are spherical unhydrated cement grains, spherical pores and needle-shaped hydration products [26]. As for the present paper, which refers to polymer-modified cement pastes, we follow Göbel et al. [28] by introducing spherical polymer particles at the same scale as the hydration products and the capillary pores (see Figure 1).


Figure 1. Micromechanical representation of polymer-modified cement pastes after [9]; the two-dimensional sketches refer to three-dimensional representative volume elements (RVEs).
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The RVE of cement paste is modeled as a matrix-inclusion composite consisting of a hydrate foam matrix and two inclusion phases: unhydrated cement particles and entrapped air pores. The latter stem from interaction processes between the additives of the polymer and the other raw materials [35,36]. The heterogeneous nature of the hydrate foam matrix is resolved at the next smaller scale of observation. The RVE of the hydrate foam is modeled as a polycrystalline composite consisting of spherical polymer particles, spherical water- or air-filled capillary pores and isotropically-oriented needle-shaped hydrates. These material phases are in direct mutual interaction [28]. The spherical shape of submicron-sized polymer particles [37] is motivated by scanning electron microscopy images of polymer dispersions and powders [38].




2.2. Viscoelastic Phase Properties


For conventional cementitious materials, the macroscopic creep behavior has been attributed to the hydration products only [32,39,40], while all other material phases are considered to exhibit purely elastic behavior. As for polymer-modified cement pastes, in turn, we consider that not only the hydrates, but also the polymers exhibit viscoelastic behavior, defined as [41],


[image: ]



(1)




where [image: ] and [image: ] are phase stresses and strains, [image: ] and [image: ] denote the phase relaxation and creep tensor functions, [image: ] is the time instant of loading and t is the chronological time. Notably, creep and relaxation tensor functions of any phase j are linked by means of the following convolution condition [42]:


[image: ]



(2)




where [image: ] denotes the symmetric fourth-order identity tensor with the components [image: ] and where [image: ] is the Kronecker delta, with components [image: ] for [image: ], and zero, otherwise. The capillary pores, the unhydrated cement and the entrapped air phases behave elastically, expressed as:


[image: ]



(3)




where [image: ] denotes the phase stiffness tensor. Equation (3) entails that their relaxation functions are time-invariant according to:


[image: ]



(4)




[image: ] and [image: ] denote the bulk and the shear moduli of phase j (see Table 1), and [image: ] and [image: ] are the volumetric and deviatoric parts of the identity tensor [image: ].


Table 1. Elastic properties and mass densities of the material phases in polymer-modified cement pastes.





	
Phase

	
Bulk Modulus

	
Shear Modulus

	
Mass Densities

	
Reference




	

	
(GPa)

	
(GPa)

	
(g cm[image: ])

	






	
Air

	
[image: ] = 0

	
[image: ] = 0

	
[image: ]

	




	
Water

	
[image: ] = 0

	
[image: ] = 0

	
[image: ]

	




	
Hydrates

	
[image: ] = 18.69

	
[image: ] = 11.76

	
[image: ]

	
[23,29,43]




	
Cement

	
[image: ] = 116.70

	
[image: ] = 53.80

	
[image: ]

	
[33,44]




	
Polymer P1

	
[image: ] = 3.97

	
[image: ] = 0.85

	
[image: ]

	
[8,9]




	
Polymer P2

	
[image: ] = 4.02

	
[image: ] = 0.86

	
[image: ]

	
[8,9]










The creep tensor functions of hydrates and polymers are introduced as follows. Königsberger et al. [33] performed a top-down analysis of more than 500 ultra-short early-age creep tests on conventional cement pastes, with different compositions in terms of different water-to-cement ratios. Very remarkably, the large macroscopic database could be explained based on one universal isochoric creep tensor function of the microscopic hydrates, reading as:


[image: ]



(5)




In Equation (5), [image: ] is the reference time; [image: ] and [image: ] denote the universal bulk and shear modulus of the hydrates (see Table 1); and [image: ] and [image: ] are the universal shear creep modulus and the power-law creep exponent of the hydrates, amounting to [33]:


[image: ]



(6)




As for the polymers, we consider that their creep behavior is also isochoric. Furthermore, it is recalled that the creep behavior measured in macroscopic creep tests on different polymers could be modeled using a power-law [45,46,47]. This is the motivation to introduce the creep tensor function of the polymers, [image: ], as:


[image: ]



(7)




where [image: ] and [image: ] denote the elastic bulk and shear moduli of the polymers and [image: ] and [image: ] denote their shear creep modulus and the power-law exponent, respectively. While the elastic stiffness properties of the polymers can be readily identified, e.g., by ultrasonic testing [9], direct experimental characterization of the polymer creep parameters [image: ] and [image: ] is out of reach. As a remedy, they are identified from macroscopic creep tests by means of “downscaling”. In this context, scale-transition relations linking the microscopic viscoelastic phase behavior to the macroscopic creep behavior are required.




2.3. Homogenization of the Viscoelastic Properties of Polymer-Modified Cement Paste


Homogenization of the viscoelastic phase behavior is performed in the theoretical framework of non-aging microviscoelasticity based on the correspondence principle [48]. In the first step, the viscoelastic phase behavior is transformed from the time domain to the Laplace–Carson (LC) domain. The LC transform [image: ] of a time-dependent function [image: ] is given as:


[image: ]



(8)




where p is the complex variable in the LC domain and the symbol [image: ] stands for the LC transform of the time-dependent quantity [image: ]. Applying the LC transformation rule (8) to the viscoelastic phase behavior according to Equations (1) and (3) results in a simple algebraic relation between LC transformed phase stresses [image: ] and strains [image: ], reading as:


[image: ]



(9)




where interestingly:


[image: ]



(10)




Given that Equation (9) is formally identical to a linear elastic law, homogenization schemes for elasticity can be applied, in the second step, to the homogenization of viscoelastic properties in the LC space. In the third step, the solution, i.e., the homogenized viscoelastic behavior, is back-transformed from the LC space to the time domain.



Transformation of the viscoelastic phase properties of the hydrates, given in Equation (5), and of the polymers, given in Equation (7), according to the transformation rule (8), and consideration of the relation (10) yield LC relaxation tensor functions reading as [33]:


[image: ]



(11)




with [image: ] denoting the gamma function. As for the purely elastic phases, according to Equation (4), the LC transformed relaxation tensor functions are equal to the stiffness tensor:


[image: ]



(12)







Viscoelasticity homogenization in LC space is carried out using standard homogenization schemes of continuum micromechanics [49]. The polycrystalline “hydrate foam” (Figure 1) is homogenized by means of the related self-consistent scheme [50]. The corresponding relaxation tensor in the LC domain, [image: ], reads as:


[image: ]



(13)




where [image: ], [image: ] and [image: ] denote hydrate foam-related phase volume fractions, whose evolutions are obtained by Powers’ hydration model [51]; see Appendix A for mathematical equations expressing the phase volumes as functions of the water-to-cement ratio, the polymer-to-cement ratio and the hydration degree. The orientation of the hydrate needles is accounted for by the Euler angles [image: ] and [image: ]. The shape of the phases is considered by means of different Hill tensors, with [image: ] referring to spherical phases and [image: ] to cylindrical phases; see Appendix B and [26,27] for computational details. The matrix-inclusion composite “cement paste” (Figure 1) is homogenized by means of the related Mori–Tanaka scheme [52,53]. The homogenized relaxation tensor in the LC domain, [image: ], reads as:


[image: ]



(14)




where [image: ], [image: ] and [image: ] denote cement paste-related phase volume fractions; see Appendix A. The LC transformed creep function of cement paste follows from inversion of [image: ] according to (10).



The “cement paste”-related creep tensor function is finally back-transformed numerically from the LC-domain to the time domain, in order to obtain the modeled creep tensor function as [image: ]. In this context, we follow Scheiner and Hellmich [32] by applying the Gaver–Wynn–Rho algorithm [54,55] and performing the computations in a multi-precision number format. We are interested in the viscous part of the modeled creep function in the time domain, denoted as [image: ], which is defined as:


[image: ]



(15)




which will provide the basis for the comparison between modeling results and experiments data and, thus, will allow for the sought quantification of the polymer creep function.





3. Identification of Polymer Creep Properties Based on Macroscopic Creep Tests


The characteristic creep properties of the polymers are identified based on (i) the modeled creep function according to Equation (15) and (ii) its experimental counterpart. The latter is obtained from repeated three-minute-long creep tests on polymer-modified cement pastes, as reported in Göbel et al. [9] and summarized next.



3.1. Hourly-Repeated Ultra-Short Creep Tests on Polymer-Modified Cement Pastes


In order to characterize the creep behavior of polymer-modified cement pastes, hourly-repeated three-minute-long creep tests were carried out during the first week after production [9]. The raw materials used for the tests were a commercial Portland cement CEM I 42.5 N, distilled water and two chemically different polymers (in the form of aqueous polymer dispersions); see Table 1 for elasticity constants and [9] for more details on physical properties. A reference cement paste, without polymers, and two polymer-modified cement pastes (modified either by polymer P1 or P2) were produced, with a polymer-to-cement mass ratio amounting to [image: ]. The water-to-cement ratio of all mixes amounted to [image: ] and accounts for both the distilled water and the water added via the polymer dispersion. The tests were carried out at a constant temperature of 20 [image: ].



Creep testing followed the protocol of Irfan-ul-Hassan et al. [19]. Cylindrical specimens with a diameter of 70 [image: ][image: ] and a height of 300 [image: ][image: ] were produced and subjected, once every hour, to three-minute-long uniaxial compressive creep tests. The test series was started 21 h after production and finished seven days later. Thus, each specimen was subjected to 168 short-term creep tests. The compressive tests were carried out inside a temperature-controlled chamber at 20 [image: ]. A universal testing machine of type ZwickRoell Z050 was used. Two metal cylinders at the top and the bottom of the specimens ensured uniaxial load introduction; see [9,19,56] for experimental details.



In order to characterize the linear creep behavior, and in order to avoid damage of the specimens, the load levels were chosen to be considerably smaller than the compressive strength at the time instant of testing. As for the plain cement paste reference, the load levels were chosen to be smaller than or equal to 15% of the compressive strength, whereby the strength was quantified based on the validated multiscale model described in [30]; see Figure 2a. As for the polymer-modified cement pastes, no predictive strength model is available. However, most polymer-modified concretes exhibit a smaller compressive strength than their unmodified counterparts, particularly for [image: ]-ratios larger than 0.05 [57,58]. Therefore, the load levels were chosen to be smaller than or equal to 7.5% of the compressive strength of the plain cement paste, reached at the same hydration degree; see Figure 2.


Figure 2. Compressive loading prescribed during the ultra-short creep tests: (a) prescribed maximum forces applied to the plain and polymer-modified cement pastes; and (b) load history applied to the plain cement paste at an age of 35 h, including a holding plateau with a duration of 180 s.



[image: Applsci 08 00487 g002]






From the total deformations, measured by means of five inductive displacement transducers (LVDTs), the evolution of the viscous creep strains was quantified, considering that significant creep strains develop already during the very short loading phase, i.e., before reaching the load plateau; see [19] for details. The obtained viscous creep strains of the polymer-modified cement pastes are up to four-times larger than that of the plain paste; see Figure 3. With the increasing degree of hydration, which was measured by means of quasi-isothermal calorimetry [9], the differences between the two modified pastes, on the one hand, and the unmodified paste, on the other hand, decrease. Notably, the macroscopic viscous creep strains of the cement paste samples can be perfectly fitted by means of power-law-type creep functions [9], defined as:


[image: ]



(16)




where [image: ] and [image: ] denote the cement paste-related creep modulus and the power-law exponent. For the discussion on their evolution with respect to material age and hydration degree, we refer to [9]. Herein, we proceed with top-down identification of the creep properties of the microscopic polymer particles.


Figure 3. Results from hourly-repeated three-minute-long creep testing for selected hydration degrees [image: ]: creep strain evolutions divided by the plateau stress, (a) of the plain cement paste reference with [image: ] = 0.40 and (b,c) of the two polymer-modified cement pastes with [image: ] = 0.40 and [image: ] = 0.10.



[image: Applsci 08 00487 g003]







3.2. Universal Polymer Creep Properties


As for identifying the creep properties of the microscopic polymer particles, based on the experimentally-determined creep functions (16), we first consider that the polymers exhibit universal creep parameters, i.e., [image: ] and [image: ] are considered to be age-independent constants. They are identified by minimizing the error between experimentally-determined and model-predicted uniaxial viscous creep function, defined as:


[image: ]



(17)




where the sum over [image: ] accounts for the varying maturity states of the cement pastes (in total, 168 per specimen), [image: ] refers to 180 time steps, with [image: ], [image: ] denotes the viscous part of the experimentally-determined creep function prescribed in Equation (16) and [image: ] denotes the model-predicted counterpart. The latter is obtained as the 1111-component of the creep tensor function defined in Equation (15). The optimization problem related to minimizing the mean error [image: ] according to Equation (17) is solved, independently for both polymer-modified mixes, using the Nelder–Mead algorithm and results in optimal (universal) creep parameters, reading as:


[image: ]



(18)







The respective mean error amounts to [image: ]/MPa for the cement paste modified with polymer P1 and to [image: ]/MPa for the cement paste modified with polymer P2. The optimal universal shear creep moduli of the polymers are by two orders of magnitude lower than the one of the hydrates; compare Equation (18) with Equation (6). The identified polymer creep properties allow for a quite reliable (but clearly not perfect) reproduction of the experimentally-determined viscous strains; see Figure 4. This demonstrates that the experimentally-observed significantly larger creep activity of the polymer-modified cement pastes, relative to the unmodified reference paste, can be traced back to the creep behavior of the micrometer-sized polymer particles, despite their relatively small volume fraction.


Figure 4. Comparison of experimentally-determined and model-predicted viscous strains of polymer-modified cement pastes P1 (a) and P2 (b) at material ages of 40 h, 60 h and 130 h for constant polymer creep properties.
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3.3. Age-Dependent Polymer Creep Properties


Creep tests on macroscopic polymer specimens revealed that the creep activity of polymers decreases with decreasing relative humidity to which the polymers are exposed [59,60,61]. The polymers within the cement pastes are also exposed to considerable decreases of the internal relative humidity, resulting from self-desiccation, i.e., from the water-consuming hydration reaction. Lura et al. [62] showed that the internal relative humidity in a cement paste sample with [image: ] decreased, within the first few days after mixing, from 98% to 92%. Notably, the resulting capillary pressure increased virtually linearly with the hydration degree [image: ], in the regime [image: ]%; see [22]. As for mortars and concretes, the self-desiccation-induced capillary underpressure was shown to result in water migration from the open porosity of the aggregates into the cement paste matrix [22]. A similar mechanism is envisaged to reduce the water content of the polymers. This motivates us to consider that the creep properties of polymer phases are age-dependent. In the following, it is investigated if the reproduction quality of the multiscale model can be significantly improved, provided that age-dependent polymer creep properties are considered. In this context, two different identification strategies are implemented: (i) only the shear creep modulus is considered to be age-dependent, while the power-law exponent is considered to be constant, and (ii) both the shear creep modulus and the power-law exponent are considered to be age-dependent.



As for the first identification strategy, different amplitudes of the constant power-law exponent are considered: [image: ]. For each one of these values, all 168 creep tests are analyzed, in order to identify optimal values of shear creep moduli that minimize the error between experimental and modeled viscous creep functions. Interestingly, the obtained total mean errors, according to Equation (17), are virtually constant for power-law exponents within the interval [image: ]; see Figure 5. As for the further steps of the analysis, we choose the central value [image: ]. The corresponding mean errors amount to [image: ]/MPa for paste P1 and to [image: ]/MPa for paste P2. Remarkably, (i) these mean errors are one order of magnitude smaller than the mean errors obtained under the consideration of constant polymer creep properties (see also Table 2), and (ii) the corresponding modeled creep strains agree very well with the experimental data (see Figure 6). This underlines that the creep activity of polymers in hydrating cement paste might indeed change and that the decreasing relative humidity results in a decrease of the polymer creep behavior.


Figure 5. Mean errors according to Equation (17) for age-independent power-law creep exponents within [image: ] and for optimized age-dependent shear creep moduli for paste P1 (a) and paste P2 (b).



[image: Applsci 08 00487 g005]





Figure 6. Comparison of experimental and computed creep strains of polymer-modified cement pastes P1 (a) and P2 (b) at ages of 40 h, 60 h and 130 h, considering age-dependent shear creep moduli and constant power-law creep exponents.



[image: Applsci 08 00487 g006]





Table 2. Mean errors [image: ] according to Equation (17) for universal and age-dependent polymer creep properties.





	Shear Creep Modulus
	Power-Law Creep Exponent
	Polymer
	Mean Error [image: ]





	universal
	universal
	P1
	[image: ]



	universal
	universal
	P2
	[image: ]



	age-dependent
	universal
	P1
	[image: ]



	age-dependent
	universal
	P2
	[image: ]



	age-dependent
	age-dependent
	P1
	[image: ]



	age-dependent
	age-dependent
	P2
	[image: ]









The identified shear creep moduli increase, in a virtually bilinear fashion, with increasing material age; see Figure 7. For material ages up to 40 h, the identified shear creep moduli increase quite rapidly up to [image: ] GPa and [image: ] GPa, respectively. Thereafter, the hourly increase is significantly smaller. After one week of hydration, the identified values amount to [image: ] GPa and [image: ] GPa, respectively.


Figure 7. Evolutions of the shear creep modulus with respect to material age, while considering time-independent power-law exponents [image: ], for paste P1 (a) and paste P2 (b).
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The progressive decrease of the internal relative humidity is, on the one hand, a prime candidate for explaining the decrease of the creep activity of the polymers, but on the other hand, it is difficult to imagine how it could explain the obtained bilinear evolution of the identified creep shear moduli. Therefore, a second microstructural effect appears to be involved. Tian et al. [36] observed that the polymer particles are not uniformly distributed throughout the microstructure at the time instant of casting. Instead, the polymer particles flocculate, referred to as localization. One might speculate that such polymer agglomerates exhibit a much more compliant time-dependent behavior compared to the individual polymer particles. According to Tian et al. [36], the growing hydrates penetrate into the flocculated polymer particles, such that the agglomerates are progressively destroyed. Bijen and Su [63] and Dimmig-Osburg [64] among others also observed that the cementitious hydration products grow through the polymer layers by means of ESEM investigations. The first and strongly increasing branch of the time-evolution of the shear creep modulus might reflect this progressive destruction of polymer agglomerates, but clearly there is a need for more experimental evidence, before a convincing conclusion could be drawn.



As for the second identification strategy, all 168 tests per specimen are reanalyzed, and optimal values of both the creep shear modulus and the power-law creep exponent are identified simultaneously, so as to minimize the error between modeled and measured creep strains. In other words, both the creep shear modulus and the power-law creep exponent are considered to be age-dependent and, thus, evolving quantities. The identified shear creep moduli and the identified power-law creep exponents evolve nonlinearly with increasing material age; see Figure 8. In comparison with Figure 7, the evolutions of the shear creep modulus, as well as of the power-law exponent exhibit a more pronounced scatter. Most likely, this is related to the more complex optimization problem of the second identification strategy, which involves the determination of two variables. Therewith, the two variables may span an area with several minimal values close to each other, rendering the identification of the optima more challenging. After a rather rapid increase of the shear creep modulus up to material ages of about 40 h, it is almost constant between ages of 40 and 110 h and amounts to [image: ] GPa and [image: ] GPa, respectively. Thereafter, the shear creep modulus increases again rather rapidly and reaches, one week after production, [image: ] MPa and [image: ] MPa, respectively. The power-law creep exponents, in turn, are virtually constant, [image: ], at material ages of less than 100 h. Subsequently, they decrease and finally stabilize around [image: ] or [image: ], respectively. The corresponding mean errors, according to (17), amount to [image: ] for paste P1 and [image: ] for paste P2. These values are approximately 25% smaller compared to that obtained with a constant power-law exponent; see Table 2. The experimentally-measured creep strains are, therefore, reproduced even more accurately; see Figure 9.


Figure 8. Evolutions of the shear creep modulus and the power-law creep exponent with respect to material age, for paste P1 (a,c) and paste P2 (b,d).



[image: Applsci 08 00487 g008]





Figure 9. Comparison of experimental and computed creep strains of polymer-modified cement pastes P1 (a) and P2 (b) at ages of 40 h, 60 h and 130 h, considering both age-dependent shear creep moduli and age-dependent power-law creep exponents.
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4. Conclusions


A micromechanics-based multiscale model for creep homogenization of polymer-modified cement pastes was developed herein. It was used to investigate the micromechanical origin of the pronounced macroscopic creep activity of such cement pastes. To this end, the microscopic polymer particles were considered to show a power-law-type creep behavior. Based on micro-to-macro-scale-transition relations, developed in the framework of continuum micromechanics, the viscoelastic behavior of the microscopic polymer particles was linked to the macroscopic creep behavior of cement paste. By means of a top-down identification approach, we exploited results from a comprehensive macroscopic early-age creep testing campaign [9], involving 168 short-term creep tests on two polymer-modified cement paste mixes. From the obtained results, the following conclusions are drawn.



	
The pronounced creep activity of polymer-modified cement paste can be explained by an isochoric power-law-type creep behavior of the polymers, whereby the shear creep modulus of the polymers is two orders of magnitude smaller than that of the hydrates.



	
The creep behavior of the polymer particles inside hydrating cement paste is not universal. The creep activity of the polymer particles decreases significantly as hydration proceeds. The underlying physical mechanism is very likely related (i) to self-desiccation resulting from the (water-consuming) hydration reaction and (ii) to the associated continuous decrease of the internal relative humidity in cement pastes [62].



	
The experimentally-observed macroscopic creep behavior of hydrating polymer-modified cement pastes can be satisfactorily reproduced when considering that the power-law creep exponent of the polymer particles is age-independent and, thus, constant. In that case, the shear creep modulus of the polymer particles was found to follow a bilinear trend during the first week after production. Considering that both the shear creep modulus and the creep exponent of the polymers are age-dependent and, thus, evolving functions, the agreement between modeling results and experiments can be further improved, but at the cost of considerable additional computational efforts.



	
As for future research regarding the viscoelastic behavior of polymer-modified cement pastes, it is desirable to monitor the evolution of the internal relative humidity. This will provide the necessary physical background to interpret the self-desiccation-induced changes of the creep behavior of the polymers.
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The following abbreviations and symbols are used in this manuscript:
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	elastic stiffness tensor of phase j



	clin
	cement
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	cement paste



	cyl
	cylindrical
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	experimentally-determined creep modulus of cement paste



	exp
	experimentally-determined
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	hydrate foam-related volume fraction of phase j
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	cement paste-related volume fraction of phase j



	hyd
	hydrates
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	hydrate foam
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	volumetric and deviatoric parts of the fourth-order identity tensor
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	experimentally-determined and model-predicted uniaxial creep function of cement paste
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	fourth-order creep tensor function
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	bulk modulus of phase j
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	model-predicted



	P1, P2
	Polymer 1, Polymer 2



	p
	complex variable in the LC domain
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	Hill tensor with shape m, [image: ]



	pol
	polymer
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	fourth-order relaxation tensor function
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	fourth-order Eshelby tensor



	sph
	spherical



	t
	chronological time
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	reference time
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	power-law creep exponent of phase j
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	shear modulus of phase j
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Appendix A. Phase Volume Fractions


The phase volume fractions introduced in Equations (13) and (14), namely the “hydrate foam”-related volume fractions, [image: ], and the “cement paste”-related volume fractions, [image: ], are functions of the mix design, as expressed by means of (initial) water-to-cement mass ratio [image: ] and (initial) solid polymer-to-cement mass ratio [image: ] and the maturity state of the material, expressed by means of the degree of hydration [image: ]. Herein, we consider that the polymer volume fraction remains constant throughout the hydration process given they do not alter the nature of the hydration process and only change, due to adsorption and complexation mechanisms, its kinetics [65,66]. This way, the volume fraction of the polymer phase can be quantified based on the mix design. Denoting the initial masses of cement, water and the polymer as c, w and p, respectively, and their mass densities as [image: ], [image: ] and [image: ] (quantitative values are given in Table 1, the cement paste-related volume fraction of the polymer reads as [9]:
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(A1)




The cement paste-related volume fractions of the other material phases (cement, capillary pore, and hydrate gel) follow from Powers’ hydration model [41,51] and the consideration of the additional polymers as:


[image: ]



(A2)







See Figure A1 for an illustration.


Figure A1. Evolution of “cement paste”-related phase volume fractions as a function of the hydration degree for (a) plain cement paste with [image: ] = 0.40, for (b) polymer-modified cement paste with [image: ] = 0.40, [image: ] = 0.10 and for (c) polymer-modified cement paste with [image: ] = 0.40, [image: ] = 0.10, and [image: ] = 0.048.
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The phase volume fractions at the scale of the hydrate foam, in turn, follow as [29]:
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(A3)




The hydration model of Powers is further extended for polymer-modified cement pastes that exhibit entrapped air porosity [image: ]. Then, the calculation of the “cement paste-related” volume fractions of the cement and the hydrate foam matrix is extended to include entrapped air [image: ] additionally:
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The volume fractions of the cement and the hydrate foam at the cement paste scale are derived as:


[image: ]



(A5)







The amount of entrapped air is estimated based on the macroscopic bulk densities of the cement pastes, which are determined after demolding, at material ages of 20 h. For the plain reference paste, the bulk density is equal to [image: ][image: ]/[image: ][image: ]. The cement paste P1 exhibits a bulk density of [image: ][image: ]/[image: ][image: ]. The reduction refers to the added polymer whose density is smaller compared to the cementitious components. The density of paste P2 is even more reduced and amounts to [image: ][image: ]/[image: ][image: ], which is related to the higher fraction of entrapped air. Supposedly, paste P1 does not contain entrapped air. Then, comparing the bulk densities of the two polymer-modified cement pastes yields the volume fraction of entrapped air porosity in the cement paste P2, [image: ].




Appendix B. Hill Tensor Expressions in the LC Space


As for upscaling of the viscoelastic behavior of the polymer and hydrate phases to the cement paste scale, according to Equations (13) and (14), expressions for the LC transformed Hill tensors [image: ] for spherical ([image: ]) and cylindrical inclusions ([image: ]) embedded in an infinite hydrate foam matrix are required. They read as:


[image: ]



(A6)




where [image: ] is the LC transformed Eshelby tensor of the corresponding inclusion phase (either the spherical phases cement and entrapped air, capillary pores or polymers, respectively, or the cylindrical hydrate phase) and [image: ] is the LC transformed relaxation function of the hydrate foam matrix phase. The LC transformed Eshelby tensor of a spherical inclusion is isotropic and may be decomposed as:


[image: ]



(A7)




with volumetric and deviatoric components reading as [49]:


[image: ]



(A8)




where [image: ] and [image: ] denote LC transformed bulk and shear moduli of the hydrate foam. As for a cylindrical hydrate inclusion oriented in the [image: ] direction, the nonzero components of the LC transformed Hill tensors read as [33]


[image: ]



(A9)




The tensor [image: ] exhibits the following symmetries [image: ].
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