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Abstract

:

Water vapor sorption is a powerful tool for the analysis of cement paste, one of the most used substances by mankind. The monitoring of cementitious materials is fundamental for the improvement of infrastructure resilience, which has a deep impact on the economy, the environment, and on society. In this work, a multimode fiber was embedded in cement paste for real-time monitoring of cement paste water vapor sorption. Changes in the reflected light intensity due to the build-up of water in the cement paste’s pores were exploited for this purpose. The sample was 7-day moist cured, and the relative humidity was controlled between 8.9% and 97.6%. Reflected light intensity was converted into a specific surface area of cement paste (133 m2/g) and thickness of water through the Brunauer-Emmett-Teller (BET) method and into a pore size distribution through the Barret-Joyner-Halenda (BJH) method. The results achieved through reflected light intensity agree with those found in the literature, validating the usage of this setup for the monitoring of water vapor sorption, breaking away from standard gravimetric measurements.
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1. Introduction


Concrete is the second most used material by mankind [1]. It permeates most of humanity’s infrastructures, and it is a cornerstone for human development [2]. Its main constituent is cement, whose binding properties when mixed with water, confer to concrete its compressive strength. Knowledge of the behavior of cementitious materials and the mechanics of their decay is critical to our society, especially when considering the nefarious social, economic, and environmental [1] impacts that the premature decay of these infrastructures could have. The demand for devices capable of real-time structural health monitoring of reinforced concrete structures is ever-growing [3].



Water is vital to cement paste throughout its life cycle. The quantity and availability of water in the beginning and during cement paste mixing and curing will define its long-lasting properties [4,5]. Water is also a requirement for several decaying mechanisms of cement paste, thus, being a major influencer on cement paste’s expiry. For this reason, the rate of water uptake is a measure of cement paste durability [6], but it can also be used as a molecular probe of cement paste through water vapor sorption [6,7].



Sorption isotherms are a technique of cement paste characterization wherein, under an atmosphere with a given stable relative humidity (RH), the amount of water in the pores of cement paste will change until an equilibrium is reached. This equilibrium can be measured through the gravimetric measurements of the sample, and from these measurements, a slew of properties can be accessed and used in the modeling of cement paste decay, such as porosity, specific surface area, number of calcium-silicate-hydrates, pore size distribution and connectivity, and water transport properties [7]. Cement paste, due to its mesopores (2–50 nm), exhibits hysteresis in its water vapor sorption [7,8]. Saturated salt solutions are used to produce an atmosphere with stable RH [9], with the sample being weighed once its mass has stabilized [10]. A 3 mm thick cement paste sample could require several months to reach equilibrium under a given RH. This technique can also employ nitrogen as an absorbate instead of water, albeit the minimum pore size reached is slightly decreased [11]: water sorption operates between 0.5 nm and 25 µm, while nitrogen sorption reaches 1 nm to 50 µm.



Gravimetric measurements of water sorption can be achieved in 24 h through dynamic vapor sorption [12]. In this method, the RH is controlled with two gas inlets: one for dry air and one for moist air. The agitation of the gas caused by the two gas inlets is responsible for the time saved in data acquisition. If the sample has not reached an equilibrium with the outside RH within 24 h, an estimation of the total absorption is made.



Volumetric measurements can be used for sorption isotherms as an alternative to gravimetric measurements. This is performed by measuring the change in pressure of a known amount of gas that is partially absorbed into the sample [13]. Unlike gravimetric measurements, pretreatment of the sample is required in the volumetric method. The sample is crushed into a powder, so a vacuum is achieved at the start of the method.



Sorption isotherms reach a minimum pore size of 0.5 nm, which is lower than the 4 nm reached by mercury intrusion porosimetry (MIP) and the 100 nm of a scanning electron microscope (SEM). It comes close to the 0.2 nm of proton nuclear magnetic resonance relaxometry (H-NMR) [11]. This resolution makes sorption isotherms ideal for the study of cement paste, whose calcium silica layers are spaced between 0.1–1 nm, and gel pores are sized between 2–10 nm [14].



Cement paste and other cementitious materials have been extensively researched throughout the past decade [2], and yet, characterization methods of cement paste remain an important area of research. These methods present more than a means for analysis of current infrastructure; they are key in characterizing new cementitious materials [15,16] that aim to improve the performance, durability, and environmental impact of concrete. Furthermore, the characterization of cement paste is heavily influenced by the characterization method used, with several works being devoted to explaining these differences [13,17,18,19]. Different characterization methods of cement paste use different interaction phenomena between the probing method and the cement paste. New methods of characterization comprise new opportunities for reaching new knowledge about cementitious materials.



In the present work, a new method of sorption isotherms based on light reflectance is proposed for cement paste characterization. A polished multimode fiber tip was embedded in cement paste and was successfully used to monitor changes in reflection intensity caused by the adsorption and desorption of water in cement paste at different RHs. Through this monitoring, the specific surface area and pore size distribution of cement paste were achieved.




2. Materials and Methods


A polished silica core multimode fiber tip (MMF-117FT600UMT, Thorlabs, Dortmund, Germany), with 600 μm core diameter, was dipped in and removed from a recently and thoroughly mixed 0.5 water-to-cement ratio (w/c) cement paste, made with CEM II/B-L32,5N [20] as illustrated in Figure 1. Afterward, the tip, now enclosed in a thin layer of cement paste with 150 µm of thickness, was placed in a sealed container, half filled with water. Thus, the cement paste was left to properly hydrate and cure in an atmosphere with an ample supply of water for seven days [21], which was achieved using pure water at room temperature.



Hydrated cement paste, by virtue of its porosity, adsorbed and desorbed water according to the outside RH and its intrinsic properties. Light was guided through the optical fiber embedded in the cement paste (sensing fiber), and the reflected signal at the tip was heavily dependent on the quantity of water occupying the cement pores, Figure 2a. The refractive index (RI) of the pores changed between 1 and 1.33 depending on the amount of water that filled the pores [22]. A change in RI influenced light reflectance at the tip, with it being higher if the pores were dry and lower if the pores were filled with water.



The light source used was a single light-emitting diode (LED-XSL-370-TB-5, Roithner LaserTechnik GmbH, Vienna, Austria) with peak emission at 375 nm, and the detector was a micro spectrometer (C12880MA, Hamamatsu, Shizuoka, Japan). These components were connected through a Y-shape fiber optic bundle, which comprised two multimode fibers with 200 μm core diameter (EOS-26488, Ocean Optics, Dunedin, FL, USA).



The sensing fiber was placed in a closed container into which a saturated salt solution was inserted, Figure 2b. At the end of the measurement, a valve at the bottom was opened for the removal of the saturated salt solution. Before the next saturated salt solution was introduced, the container was quickly rinsed with water three times to cleanse the previous solution and with care so as not to wet the cement paste. Salts used in this study covered RHs between 8.9 and 97.6% (20 °C), with water being used to achieve 100% RH, Table 1. The temperature was set at 20 °C throughout these measurements.



Cement paste water sorption and desorption exhibited hysteretic behavior due to the cement paste’s mesoporosity. Valuable information was gathered by studying both the adsorption and the desorption branches, but to do so, reflection light intensity needed to be related to an amount of water. Measured light intensity was comprised of two components, one that remained in the fiber and one that left the fiber. Light that left the fiber interacted with the cement paste, part of which was diffusely reflected towards the fiber tip and part of which was absorbed by the cement paste. Light that left the fiber remained stable throughout this monitoring due to the cement paste’s stability and the very low spectral absorbance of water at 388–400 nm [23], Figure 3, wavelengths over which light intensity was integrated throughout this work.



Light that remained in the fiber by being reflected at the tip interface changed according to the area of water,    a w   , that was filling the area of cement pores,    a p  ,   in contact with the fiber tip. The area of the probe was that of the fiber tip,    a c  = π   0.3  2      cm  2   , whose core was   600    μ m    in diameter. Measured light intensity,    I M     a w     , is a linear function of    a w   , with    I  m a x   =  I M   0     and    I  m i n   =  I M     a p     , Equation (1).


   I M     a w    =    I  m i n   −  I  m a x      a p     a w  +  I  m a x    



(1)







A large component of the measured signal was light being diffusively reflected when it interacted with the cement paste, which were removed from the analysis by normalizing the signal,    I N     a w     , Equation (2).


   I N     a w    = −    I M     a w    −  I  m a x      I  m a x   −  I  m i n     =    a w     a p     



(2)







   I N     a w      portrays the amount of water that fills the capillary pores, and this relationship is used in the estimation of the   % w a t e r   m a s s  , which is the ratio between the weight of water (   w w   ) and the weight of cement paste (   w c   ). The weight of cement paste remains static throughout these measurements and is defined by the cement paste’s volume (   v c   ), porosity ( ϕ ), and relative density (   ρ c   ). The weight of water depends on how much water fills the cement pores, which is given by    I N     a w     . The volume of cement pores depends on cement paste volume (   v c   ) and porosity ( ϕ ). The aforementioned relationships are displayed in Equation (3).


  % w a t e r   m a s s =    w w     w c    =    v c  ∗ ϕ ∗  I N      1 − ϕ    v c   ρ c    =  ϕ    1 − ϕ    ρ c     I N   



(3)







2.1. Brunauer-Emmett-Teller


The Brunauer-Emmett-Teller (BET) method [10] was used when surface adsorption occurs in multimolecular layers without capillary condensation; this is valid for relative humidities between 5% and 40%. In this region, it is possible to estimate the volume of water required to cover the absorbent’s surface with a monomolecular layer of water (   v m   ), Equation (4), considering a high value of enthalpy of adsorption [8].


   v m  =  v w    1 − h   =  I N   v c  ϕ   1 − h    



(4)







   v m    is achieved by measuring the volume of water (   v w   ) for relative humidity ( h ) between 5% and 40%. The volume of water, as measured by light reflectance, is defined by    I N   v c  ϕ  , which was previously used in Equation (3). There is no estimation for the volume of cement (   v c   ) that maintains a good relation to the area of cement paste in direct contact with the optical fiber core. For this reason, it was not possible to estimate    v m    through reflected light intensity, as it would be if gravimetric or volumetric measurements were being performed. For the same reason, the measurements of total surface area (  T S A  ) were beyond the reach of this setup.   T S A   is calculated by converting    v m    into the number of molecules of water and multiplying it by the area covered by each one,


  T S A =    A m   v m   N A     V M     



(5)




wherein    V m    is the molar volume,    N A    is Avogadro’s number, and    A m    is the area occupied by each molecule of absorbed water.



It is possible to estimate the specific surface area of cement paste,    S  B E T    , which is calculated by dividing   T S A   by the weight of cement paste (   w c   ) as seen in Equation (6).


   S  B E T   =   T S A    w c    =    A m   N A     V M     I  N 8.9     1 − h    ϕ   ρ c    1 − ϕ      



(6)







In the current work, this value was estimated with normalized reflected light intensity at 8.9% RH,    I  N 8.9    , achieved through a saturated salt solution of sodium hydroxide. Furthermore,    I N    at any RH can be converted through   T S A   into the thickness of water,   t  h   .


  t  h  =    v w    T S A   =    I N     I  N 8.9        V M     A m   N A    1 − h      



(7)







  t  h    estimated through reflected light intensity can be compared with values found in the literature, validating the setup and methodology employed [10].




2.2. Barret-Joyner-Halenda


The Barret-Joyner-Halenda (BJH) method estimates the pore size distribution through the step-by-step analysis of water vapor desorption [24]. It assumes that two mechanisms of water vapor desorption are working concurrently: physical desorption from the pore walls and capillary evaporation. It also assumes the pores to be cylindrical in shape [8]. Physical desorption is linked to   t  h   , which lowers with the decrease of RH [25]. Capillary evaporation depends on changes in vapor pressure at a curved liquid-vapor interface. This is displayed in the Kelvin-Laplace equation, Equation (8), which sets the radius of liquid menisci for a given RH, kelvin radius (   r k   ).


   r K   h  = −   2 σ  V M    R T l n  h     



(8)




where  σ  is the surface tension of the liquid,  R  is the universal gas constant, and  T  is the temperature. Pores with a radius,    r p   , smaller than    r K   h  + t  h   , remained filled with water. Pores with a    r p  >  r K   h  + t  h   , contained only a layer of water that follows   t  h   .    r p    is calculated through Equation (9).


   r p  =  r K   h  + t  h   



(9)







As the RH is successively reduced, the area of water (value measured through reflected light intensity) that is evaporated is related to pores with a given    r p   . Hence, a change in the area of water,   Δ  a w   , due to a reduction of RH is related to the area occupied by pores,   Δ  a p   , whose    r p    are between the previous and the current values of relative humidity,   Δ  r p   . The process of estimating   Δ  a p   , begins by converting    I N    into    a w   , Equation (10).


   a w  =  a c  ϕ  I N   



(10)




where   Δ  a w    is influenced by two groups of pores. The first group has pores, whose menisci broke in the present reduction of relative humidity, which relates to   Δ  a p    through  R , defined in Equation (11).


  R =    r p 2         r K   h  + Δ t  h     2     



(11)




where   Δ t  h    is the change in the thickness of water caused by the decrease in RH. The second group of pores that influence   Δ  a w    is the pores whose menisci were already broken before the current reduction in RH. These pores will influence   Δ  a w    through reductions in water thickness at the pore walls. The change in the area attributed to this,   Δ  a  Δ t    , is equivalent to a ring with the current   Δ t  h   , Equation (12).


   a  Δ t   = π (  r K  +   ∑   i = 1  n  Δ  t i  ) 2 − π (  r K  +   ∑   i = 1   n − 1   Δ  t i  ) 2  



(12)







The sums of Equation (12) represent the total change in thickness due to the changes in RH that have taken place up until this point, with  n  being the current number of RH changes. The number of pores that exerts this influence increases with each reduction of RH. For each   Δ  r p    that has been computed, there is a    a  Δ t     that will influence the following measures of   Δ  a w   ; they are, for this reason, summed and removed in Equation (13), resulting in the   Δ  a p  .  


  Δ  a p  = R   Δ  a w  −   ∑   i = 1   n − 1    a  Δ t      



(13)







Pore size distribution is displayed in this work as   Δ  a p  / Δ r  , given that    I N    relates to the area of desorbed water,   Δ  a w   . In the literature, which employs gravimetric or volumetric measurements, pore size distribution is displayed by   Δ V / Δ r   since it is the volume of water being measured for each successive reduction of relative humidity.





3. Results and Discussion


The importance of the seven-day moist cure of the cement paste sample in an atmosphere with an ample supply of water is shown in Figure 4. The cement paste cured under a moist environment for seven days was cohesive, as seen in Figure 4a, unlike the sample left to cure in the air, which displayed large cracks, Figure 4d. The stability of the signal was also influenced by the cure of the sample. The seven-day moist cure cement paste sample maintained stable values of reflected light intensity for ambient and 100% RH, Figure 4b,c, unlike the air-cured sample, Figure 4e,f. These intensities were achieved by integrating reflected light intensity over the wavelengths of 388–400 nm, the same interval seen in Figure 3.



Using 100% RH in the study of water vapor sorption was discarded for this setup, as it produces in these smaller samples the equivalent effect of submerging a larger sample of cement paste in water: a rise in the   % w a t e r   m a s s   of the desorption branch [12]. This can be seen in Figure 5, where the value of 100% RH is far above the others in intensity. At this RH, the cement paste sample is covered by a water droplet, which is roughly the same thickness as the cement paste sample. For this reason, the maximum value of RH employed was 97.6%. Figure A1 contains the raw data, as well as the data points selected for the analysis of Figure 5a.



Water vapor sorption characterization began by converting the reflected light intensity into   % w a t e r   m a s s   through Equation (3), Figure 6a,b. The porosity of 0.5 w/c in bulk cement paste is 22% [4], but cement paste’s porosity increases the closer it is to an aggregate [26], which, in this case, was the optical fiber. Hence the chosen value of  ϕ  to be used in Equation (3) was 37%. Figure A2 contains the raw data, as well as the data points selected for the analysis in Figure 6a.



By analyzing the desorption branch through the BET method, Equation (6), the specific surface area of the cement paste sample was found to be   133      m   2  / g  , which is close to the ones found in the literature (  123      m   2  / g   for 0.45 w/c [10]). Normalized light intensity was converted through Equation (7) into the thickness of water and compared to the literature [25], Figure 6c. The calculated values of water thickness fall close to the expected ones, but the curve deviated from the expected. Measurements of water thickness through cement paste samples were expected to go above those found in the literature for   R H > 63 %  , where adsorption was now dominated by capillary condensation to the detriment of multilayer adsorption [7]. Fiber tip data only goes above the thickness of water due to multilayer adsorption for   R H > 95 %  , which indicates larger pores are delaying capillary condensation since they require larger values of RH for it to occur. Decreasing the increments of RH, among other improvements to the measuring setup and decreasing the w/c of the cement paste, might improve this response.



From the BJH method, the expected trend was found in the pore size distribution: an increase in   Δ  a p  / Δ r   for decreasing pore radius, Figure 6d. A more pronounced increase between the intervals of [  2.6 , 4.6    nm   ] and [  0.6 , 2.6   nm  ] was found in [10] than in the fiber tip data. This was expected given the thin nature of this cement paste sample and the presence of the optical fiber in the middle, which works as an aggregate, further increasing the porosity of the sample [26]. The large decrements in RH did not allow for a better analysis of the pore distribution between 4.6 and 20.6   nm   pore radius. It, however, seems to be in line with those reported in the literature for this pore radius [10,27].



As it stands, sorption isotherms through light reflectance can achieve two main objectives: specific surface area and pore size distribution. Unfortunately, this method cannot compute the porosity of the sample, nor can it achieve the values of    v m    and   T S A  , which are achievable through volumetric and gravimetric methods of sorption isotherms. In terms of sample preparation, light reflectance is akin to gravimetric measurements; it does not require pretreatment, unlike volumetric measurements. As of this work, light reflectance can only be used with new cement paste samples, which are cured with an embedded multimode fiber, whilst gravimetric and volumetric methods can be used in samples retrieved from existing infrastructure. In terms of data acquisition time, light reflectance is as fast or faster than dynamic vapor sorption while having a simpler system of maintaining a stable value of RH based on saturated salt solutions. Similar to dynamic vapor sorption, this method allows for real-time monitoring of water sorption hysteresis. In terms of data interpretation, the fast data acquisition time should be taken into consideration, given the differences that arise between long-term/short-term water vapor sorption [13]. It is also worth considering that light reflectance only monitors the entrance of the pores; hence, it could be monitoring the size of pore entry as in MIP measurements [28], with the latter having the disadvantage of being a destructive method [13].




4. Conclusions


A multimode fiber was used to monitor the water vapor sorption hysteresis of a small cement paste sample through changes in reflected light intensity, which happened due to changes in the quantity of water in the cement paste pores. The proper curing of the cement paste sample is key in achieving stable values of reflected light intensity and good adsorption and desorption behaviors. At 100% RH, the cement paste sample is submerged by a water droplet, which increases the amount of normalized reflected light intensity beyond what is expected from water vapor adsorption. This study of water vapor sorption hysteresis was conducted for RHs between 8.9 and 97.6%, considering a porosity of 37%. Using the BET method, the specific surface area of cement paste was calculated to be   133      m   2  / g  , and the thickness of water for each value of relative humidity was close to the ones found in the literature. Through the BJH method, pore size distribution was achieved for pore radii between 0.6 and 20.6   nm  , with an increase in prevalence towards smaller pores; the highest value of   Δ  a p  / Δ r   was achieved in the 0.6–2.6   nm   interval, behavior which was also found in the literature.
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Appendix A


Raw data from the reflected light intensity used to analyze the effect of placing the cement paste samples under 100% RH, as seen in Figure 5, is presented in Figure A1.
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Figure A1. (a) Raw reflected light intensities for different RH between 75% and 100%, achieved by integrating between the wavelengths of 388 and 400 nm (b) chosen stable points for analysis. 






Figure A1. (a) Raw reflected light intensities for different RH between 75% and 100%, achieved by integrating between the wavelengths of 388 and 400 nm (b) chosen stable points for analysis.
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Raw data from the reflected light intensity used for the characterization of cement paste through sorption isotherm, as seen in Figure 6, is presented in Figure A2.
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Figure A2. (a) Raw reflected light intensities for different RH between 8.9 and 97.6% and (b) the chosen stable points for analysis. Results were achieved by integrating intensities between 388 and 400 nm. 






Figure A2. (a) Raw reflected light intensities for different RH between 8.9 and 97.6% and (b) the chosen stable points for analysis. Results were achieved by integrating intensities between 388 and 400 nm.
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Figure 1. Cement paste sample production by dipping the fiber in cement paste and leaving it to cure in a closed container with water for a 7-day moist cure. 
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Figure 2. (a) Intensity loss due to the buildup of water in cement paste due to the increase in outside RH. (b) Experimental setup with a polished multimode fiber embedded in cement paste, placed in a closed container where saturated salt solutions are added and removed at 20 °C. 
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Figure 3. Raw reflected light spectra for RHs between 75% and 100% and the integration interval used between 388 and 400 nm. 
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Figure 4. (a) Image of the seven-day moist cured cement paste around the multimode optical fiber. (b,c) are the adsorption and desorption between 100% RH and ambient RH for the seven-day moist cured cement paste. (d) Image of a cement paste sample left to cure in air, displaying large cracks. (e,f) are the adsorption and desorption branches between 100% RH and ambient RH for the air-cured cement paste. 
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Figure 5. (a) Normalized reflected light intensities for different RH between 75% and 100%. The values of 75%, 85%, 95%, and 98% are rounded values from Table 1. (b) The two-resulting hysteresis. 
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Figure 6. (a)   % w a t e r   m a s s   from the normalized reflected light intensity for each of the saturated salt solutions used and the hysteretic behavior of the cement paste (b). (c) Estimated specific surface area and thickness of water retrieved from the adsorption branch of the cement paste water vapor hysteresis. Computed thickness of water (  nm  ) is compared to the values found in the literature [25]. (d) Pore size distribution calculated from the desorption branch of the normalized reflected light intensity compared to values found in the literature [10,27]. 
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Table 1. Salts used for the saturated salt solutions and their respective RH [9].






Table 1. Salts used for the saturated salt solutions and their respective RH [9].





	Salt
	%RH (20 °C)





	Sodium Hydroxide
	8.91



	Sodium Bromide
	59.14



	Sodium Chloride
	75.47



	Potassium Chloride
	85.11



	Potassium Nitrate
	94.62



	Potassium Sulfate
	97.59
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