The

University

yo, Of
Sheffield.

This is a repository copy of Modeling water absorption in concrete and mortar with
distributed damage.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/146268/

Version: Accepted Version

Article:

Smyl, D. orcid.org/0000-0002-6730-5277, Ghasemzadeh, F. and Pour-Ghaz, M. (2016)
Modeling water absorption in concrete and mortar with distributed damage. Construction
and Building Materials, 125. pp. 438-449. ISSN 0950-0618

https://doi.org/10.1016/j.conbuildmat.2016.08.044

Article available under the terms of the CC-BY-NC-ND licence
(https://creativecommons.org/licenses/by-nc-nd/4.0/).

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose o
university consortium eprints@whiterose.ac.uk
/‘ Universities of Leeds, Sheffield & York —p—%htt s:/leprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26
27

Modeling Water Absorption in Concreteand Mortar with Distributed Damage
Danny Smyt, Farnam Ghasemzadeland Mohammad Pour-GHaz

Abstract

The deterioration rate of concrete structures is directly infeeixy the rate of moisture
ingress. Modeling moisture ingress in concrete is therefore essential fortativemnti
estimationof the service life of concrete structuré¥hile models for saturated moisture
transport are commonly used, concrete, during its service life, is ratahated and some
degree of damage is often preseht this work, we investigate whether classical isothermal
unsaturated moisture transport can be used to simulate moisture ingdessaged mortar
and concrete and we compare the results of numerical simulationsewgrimental
measurements of water sorption. The effect of hysteresis of moidteetion is also
considered in the numerical simulations. The results indicate #hatnaturated moisture
transport models well simulate early stages of moisture ingress at all dewelge where
capillary suction is the prominent mechanism. At later stages ofur®isansport, where air
diffusion and dissolution have a more significant contribytsimulations that consider

moisture hysteresis compare most favorably with experimental results.

Author Keywords. Cracking; Distributed Damage; Durability; Finite Element Method;

Mass Transport; Numerical Modeling; Unsaturated Mass Transport
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1. Introduction

The rate of freeze-thaw deterioration, chemical attack, corrasioeinforcement, and
many other deleterious processes in concrete structures areysttepghdent on the rate of
moisture ingressThe rate of moisture ingress is heavily influenced by the degree of
saturation and the presence of damdgmncrete, during its service life, is rarely saturated
and some degree of damage is often present (e.g., due to freezetis&rituted damage in
concrete significantly increases the rate and the amount of moisjuessrGhasemzadeh et
al. (2016),Yang et al. 2009, Hearn 1999, Aldea et al. {999). While unsaturated moisture
transport in concrete material has been studied (e.g. Lockington 989, (Martys et al.
(1997, Hall (1989), limited research exists on unsaturated moisture transport in damaged

concrete(M’Jahad et al. (2014), Wang and Ueda (2014), Mu et al. (2013), Zhou et al.

(2012(a)), Zhou et al. (2012(b)), Gérard and Marchand (20@pgcifically, modeling

studies on unsaturated moisture transport in damaged cementitious naaierialy scarce

(Van Belleghem et al. (2016), Grassl (2009), Carmeliet et al. (20GfanDand Saliba

(1993)) In this paper, we investigate the accuracy of the classical nioudliding
hysteresis) for simulating unsaturated water absorption in damaged mdrtamanete.

The majority of the previous studies on moisture transport in damagaenttious
material were experimental in nature. These studies have shatyrfdr example, chloride
migration (as tested by Rapid Chloride Permeability Testing) isese&n concrete after
subjecting concrete to compressive loading above 758 obmpressive strength (Samaha
and Hover, 1992); Wang et al. (1997) found that water permeability generally incsease
with damage; Aldea et al. (1999) found that discrete cracks have a sighdffect on water
permeability; Rodriguez and Hooten (2003) found that chloride péoetrencreases in
damaged samples, irrespective of the presence of mineral admiRigasdet et al. (2009)

found that the permeability of discrete cracks increases proportitia tube of the crack
2
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opening displacement in specimens. They also showed that the use of filmceaient
increases the crack tortuosityn a recent study, the effects of distributed damage on mass
transport was shown to be dependent on the mechanisms of transpsideiemh
(Ghasemzadeh and Pour-Gha@i4).

The previous experimental studies have offered significant insights as to the é&ffect o

damage on the mass transport properties of damaged cement-based matdrial.a W

significant amount of experimental data for damaged cement-based materasiéable in

the literature, the numerical simulation of unsaturated moisture flow in ggmmeement-

based material is not well studied. In contréstundamaged-materiahumerous studies

have simulated moisture floim undamaged materia{ge.q., Huang et al. (2015)), Schneider

et al. (2012), Pour-Ghaz et al. (2009), Nguyen et al. (2008), and BazaNgaad(1972)).

Numerical simulations are of significant interest since_many service-liféecpogdmodels

need to account for the effects of damagwharacteristics which significantly affect moisture

flow in concrete structures (Scherer (2015)).

Recent examples studying moisture flow simulations in damagedntéme material

include the followings. Grassl (2009) developed a lattice model, mod2hhdractured

materials, to simulate moisture flow in concrete with distributed sradRour-Ghaz et al.

(2009a, b) compared simulations of unsaturated moisture flow from sawaouidealized

crack, to X-ray radiography images. Van Belleghem et al. (20I6paed flow regimes

from numerical simulations of unsaturated moisture flow in discreteksravith X-ray

images, showing good comparison between the numerical mod&-emgdimages. These

numerical investigations demonstrated the feasibility of numerical simulationsatieted

moisture flow in cement-based materials. However, neither thetefdf varying degrees of

damage in the form of distributed cracks nor the effect of moisttieation hysteresis have

been studied.
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The classical model describing unsaturated mass transport in porous mediaarsifRic
equation (Richards1031), modeling capillary suction. Richardequation has been
identified as a valid model for mass transport in building materials (Wésai. (999).
Analytical solutions to Richardsquation have been developed for simple geometries (Cao
et al. 014, Parlange et al.1099, Parlange et al1097), Warrick et al. 1991)). Analytical
solutions are generally feasible in simple geometries subjected tdesibgundary
conditions. Practical applications, however, often requires ncahgolution to Richards’
equation using, for example, the Finite Element Method. The Fhiggnent Method
solutions of Richards’ equation have been used previously to analyze unsaturated moisture
transport in concrete (e.g. Van Bellegham et al. (2016) Rmo-Ghaz et al. Z009ab)).
However, these studies investigated cementitious material with discaetes. Therefore the
feasibility of using classical isothermal unsaturated moisture transport to modelirmoist
ingress and moisture hysteresis in mortar and concrete with disttidamage remains an

open question.

2 Numerical M ethods

2.1 General
In this paper, moisture absorption is modeled using the Rich#&mwglsation (Eq. 1)
(Richards 1931) for unsaturated moisture flow. Equation 1 is the classical rgmge

differential equation for isothermal unsaturated flow

a6 2 dh
o amlke e ) o
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whereK = K(h) (mm/hour) is the unsaturated hydraulic conductivityfmm*/mn) is the

volumetric moisture contenth (mm) is the capillary suction x;_(mm) is the spfal

coordinate (i,j = 1, 2, 3 for three dimensional space)&nis the Kronecker Delta function

which accounts for the gravitational effecEq. 1 is generally solved using a numerical

methods such as finite element method. In this work we heeg & commercially available

software (HYDRUS 3D) for this purpose and the details of modelintaode are discussed

in Section 2.4.

2.2 Material M odel

The unsaturated hydraulic conductivif)(in Eq. 1 is a function ofapillary suction(i.e.,
K = K(h)). Experimental measurements of unsaturated hydraulic conductivigeaegally
difficult and time consuming. These measurements are especiallgngiag for cement-
based materials due to the fine pore size distribution resultinighircapillary suctiorat low
water contents (Pour-Ghaz et al. (2009a, Alternatively, the unsaturated hydraulic
conductivity can be expressed as a product of the saturated hyaendiactivity,K, and

the relative hydraulic conductivity) < K., < 1.0(i.e., K = K;K,). Such a model,

[Formatted: Font color: Text 1

commonly used in soil physics, has been shown to well-represent teratsd hydraulic
conductivity in cement-based materials (Schneider eR@ll3, Poyet et al.Z011), Savage
and Jansserl997). The value ofK can be experimentally measured using Darcy’s law.
The relative hydraulic conductivity is related to water contemd eapillary suctionby

Muaem’s model (Mudem (1976) (Eq. 2)

0 1
K, =0 [—f" W‘”‘] Eq.2
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Eq.3

122

123 where0 < ® < 1.0 is the effective material saturation, amg and 6, are the saturated
124 moisture content and the residual moisture content, respectikelyhis work, 6, is
125 experimentally obtained for each degree of damagefard0 (Pour-Ghaz et al20093bh)).
126  Further discussion of determinimy is provided in the Materials and Methods sectidris

127 an empirical parameter which has been described as accoutingprtuosity and
128 connectivity of pores (Mdem (1976). Mualem proposefl= % as an optimal value for 45

129 undisturbed soils; howevehe noted that values far can take positive or negative values.
130 Values for soil have been shown to range freé81B3 to 100 (Schaap and Le§000, Yates
131 (1992, Schuh and Cline1090). Kosugi argued that has no physical significance and
132 should be interpreted as a fitting parameter (Kosli§99). Values ofl for cementitious
133 materials and especially for damaged cementitious materials areeauity available.
134 Schneider et al. (2012) reported values of -3.0 and 35.2 formaordaconcrete, respectively.
135 Poyet et al. (2011) concluded that the valuescezn take positive or negative values, but are
136 | generally negative.

137 It should be noted that the choice &f= 0is mainly for convenience since it does not

138 | introduce a significant modeling error and does not require elabor@ésurements. In

139 | theory, the value of,_should correspond to the water content of the material at equilibrium

140 | with 11% relative humidity. This condition results in the formatiaf a monolayer of

141 | physically adsorbednoisture on calcium silicate hydrai@lizadeh et al. 2007, Feldman and

142 | Beaudoin (1983), Feldman and Beaudoin (1976), Feldman and Sereda (#8i¢B)tan be

143 | only achieved under extreme drying conditions. In this workch@sed, = 0 following
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(Pour-Ghaz et al. 2009(a), 2009(b)) to also avoid inconsistency inlingptéetween mortar

and concrete since the actual valu@,ofor concrete is unknown for our materials.

In this study, values of are estimated by model training using maximum likelihood
approach (Lay 2011). For such an approach the data need pdithate two sets: training
and validation set. In this study only limited supply of experimatdta is availableln such

situations, using _cross-validation methods may provide more accsofiiéions of |

However, cross-validation methods can be very computatiomadbensive due to the

computational cost of moisture transport simulatio¢e therefore use the maximum

likelihood least squares fitting approach by splitting the experimentalirdat#raining and
validation set using random number generators. Training set consi&8%aif the data and
validation set consisted of 67% of the entire data. Note that thengraiet was not used in
comparison of the simulations and experiments results in the RasiilBiscussion section
of this paper (only validation set was used). More information onmidzeémum likelihood
least squares fitting approach can be found in (R&yD).

To integrate Eq. 2, the effective saturation should be expressefilizgian of capillary
suction(i.e., ® = O (h)). Different models for® = © (h) have been developed (Kosugi
(199%), Brooks and CoreylP64)). The model proposed by van Genuchten (1980, 1985) is

used in this study and is shown in Eq. 4

_ 1
T [+ (an)m

1
m=1- - Eq.4
wherea andn are fitting parameters (a, inversely proportional to the mean pore diameter
(mm~1) andn (non-dimensional) is the curve shape parameter). These fitting paraareters

obtained by fitting Eq. 4 to experimentally obtained water retentivwes using the least
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squares method (Lay 2011). In the case of cement-based materialsl, disteder retention,
® = O (h), it is more common to measure the sorption isotherm of mategal @.=
O (RH), RH = relative humidity). The sorption isotherm can then beexted to retention
curve using Kelvin-Laplace Equation (Eg. 5) (Pour-Ghaz e28D%), Leech et al.2006),

Bentz et al. (1999)

In(RH)RT
, _ n(RH)

Eq.5
7 g

whereR (J.K* mol™) is universal gas constant, T (K) is the temperatureVan@*/mole) is

the molecular weight of water.

2.3 Material Model with Moisture Retention Hysteresis

The procedure for determining moisture retention curves described mbealid for both
drying and rewetting of the material. However, moisture retertioves obtained using an
initially-saturated specimen do not consider the effects of hysterédidle the assumption
that the parameterremains unchanged during hysteresis has been shown to be an acceptable
approximation (Nielsen and Lucknef992, Kool and Parker 1987)), the re-wetting
hydraulic parameterg" and6y should be separately determined for the hysteresis model.

Since obtaining adsorption isotherms generally requires significaatiexmtal time due
to diffusion and dissolution of trapped ,avhich may be impractical in many cases, we use
an analytical expression far and experimental data to determé@je In addition, we
approximate that the saturated hydraulic conductifity,and tortuosity-pore connectivity
parameter, I, remain the same in both drying and re-wetugh approximations regarding
the parameterk; andl may result in overestimation of initial sorptivity, as the magnitfde

8
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saturated hydraulic conductivity often decreases after drying (SaeidpduVadso (2016),
Baroghel- Boug (2007), Mainguy et al. (2001)). Unfortunatehistory-dependent data for
K, andl in damaged cementitious material are nonexistent.

The re-wetting parametet” is physically related to the mean pore diameter after the first
drying cycle. In porous materialg? is generally larger than in the first drying case (i.e.
a% > a), which is largely due to air-entry into the pore systarf. = 2a is commonly
accepted as a first approximation (Kool and Park@97) and is used heire

The saturated moisture content ofeawetting material is less than that of the initial
saturation (i.ef6; > 6") due to the presence of air in large pores. Here we determine
0¥ using experimental absorption data (from the sorption test, discussectionS3.6). The
sorption measurements beyond 90 days show negligible mass gain ofmplessand, as
such, it is assumed here th@t is equal to the saturated moisture content after 90 days of
rewetting. While this rough approximation may lead to slight underestimati the

saturated moisture content of the rewetting material, it was found guitable for the
hysteresis model presented. Ingress is defineﬁzaé;ﬂ, whereV,,(mm®) andA(mnt ) are the

volume of absorbed water and cross-sectional area of the abssplaicignen, respectively.

If assumed to be in a completely saturated state, we can approkimé}'@e= %, whereV

is the volume of the specimen. By rearranging, we obtain the exprdssithe re-wetting

. . iA
volumetric saturated moisture contefi: = LV—

s

The use of hydraulic paramet&¥ and ' have significant implications on the moisture
retention curves of the re-wetting material. To illustrate thiguie 1 shows drying and
rewetting moisture retention curves for concrete and moritir thve highest degrees of

damageWe note that the initial drying curves shown in Figure 1 wergméted by using

Eqg. 5 to convert RH th from the desorption isotherms. Then the complete curve was plotted
9
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by determining the fitting parameters in Eq. 4 using the experimental tatarewetting

. . iA
curves were then determined for the same materials u¥ing8a_andoy’ = 17;
S

10° 10°
Concrete (C47) f Mortar (M48)
— Rewetting v — Rewetting
J - - - Initial Drying 3 - - - Initial Drying
10* 104 \ .
€ B3
E 10 E10°
£ i =
10 10
o, e 8
101IIH|IIH|II|'|-H-|HS-- 11.'\.|.1=.|a...|u.n|5....s
0.00 0.04 0.08 012 0.16 0.20 000 004 008 012 016 0.20
6 [mm3/mm?) 8 [mm¥mm?]
(a) (b)

Figure 1: Drying and rewetting moisture retention curves; (a) concrete With73 high
| degree of damage (47%) and (b) mortar (M48) with high degree ofgga{#a%).
2.4 Numerical Simulation and Experimental Corroboration

In this work, a commercially available Finite Element Softw&¥DRUS 3D, was used
(Sejna et al.Z014). The sorption test was simulated by modeling water sorptionlid0a
mm X 25 mm cylinder. Zero-flux boundary conditions were agpiieall surfaces except the
bottom surface were the sample was in contact with water. Theddgucondition at the
bottom surface was saturated boundary condition. Uniform initigdtore contentd;, were
considered in this stuglyalues for 8; were experimentally obtained and are tabulated in the
results section. It should be noted that the specimens usedrfition measurement were
conditioned according to ASTM C1585, which does not guarantegaarmnnitial moisture
distribution. Achieving a uniform initial moisture distribution requirdsng-term
conditioning, on the order of a few years (Cas201((a))). Therefore, in this work the
simplifying assumption of uniform initial moisture condition was congideil he discussion

of the effect of conditioning can be found in (Cas#01(1(a))).

10
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Finite element modeling consisted of tetrahedron elements withximmoma dimension of
1.0 mm. The finite element model was solved in terms of moistumegent. The material

parameters determined using the methods discussed in Section 2.2 and 2.3 (rejpatikss

2 and 3, Section 4.2) were input directly into the HYDRUS 3D.

3 Materialsand Methods
3.1 Materials
Both mortar and concrete were used. Table 1 reports the enpitoportions for concrete

and mortar.lt_ should be noted that the mixture proportions reported in Taldee Ifor

saturated surface dry (SSD) fine and coarse aggreddteair entraining agent was used.

Entrapped aiis taken in this work as a part of the open porosity. The open pordgitg o
hardened material can be taken as the volumetric moisture cabtattration as discussed
in Hall and Hoff @01J). In this work, the volumetric moisture content at saturation was
experimentally measuredFor both materials, cylindrical samples with dimensi2@6 mm

x 100 mm (100 mm diameterjvere cast. All specimens were cut into disks (25 mm x 100

mm) after 24 hours of sealed curing and then were stored for hthsnim lime saturated
water. This was done to ensure uniform saturation, minimizénilegcand to uniformly
mature the specimens. More detailed discussion of the benefits of limataatturing may

be found in (Siddiqui et al2013).

11
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Table 1: Mix proportions of concrete and morta

Proportions Concrete Mortar
Cement (kg/nt) 261 609
Fly Ash, Type F (kg/r) 83
Water (kg/rf) 132.5 256
Coarse Aggregatékg/nt) 1073 0

Fine Aggregat®(kg/nt) 747 1466
Water Reducer (kg/fh 0.50 0.50
w/cm 0.50 0.42

%Ordinary Type | portland cement

b24% replacement by mass of cement

“Crushed limestone (MSA = 19 mm)

INatural river sand, (FM = 2.67)

*Mixture proportions are for saturated surface dry
(SSD) fine and coarse aggregates

3.2 Freeze-Thaw L oading

Specimens were subjected to freeze-thaw loading in an air-cobbadber to induce
different degrees of damage following the procedure in Li et al. (20T7. keep the
specimens saturated during testing, they were wrapped in watertegiticih and sealed in
a thin plastic sheet. To obtain a similar degree of damage in raodaconcrete, different
temperature profiles and number of cycles were used in each material.
In concrete, the freeze-thaw cycle lasted 12 hours. Eadé cynsisted of a 2-hour cooling
period from 20 to -23°C, a 4-hour rest period at -23°C, a 2-houmbeagiriod from -23 to
20°C, and a 4 hour rest period at 20°C. A maximum of 5 cycles were used in concrete.
In freeze-thaw loading of mortar, each cycle was 4 hours,dimgua cooling period from 21
to -35°C and a heating period to 21°C. A maximum of 25 cycles wak insmortar.
Concrete specimens with five different degrees of damage (10, 2B3629nd 47%) and
mortar specimens with three different degrees of damage (18n808%) were prepared.

The method of quantifying damages is provided in the next section.

12



271 3.3 Quantifying Damage dueto Freeze-Thaw

272 The degree of damage after a given number of freeze-thaw cydepaatified using the
273 | change in dynamic elastic modulus using active acoustic emissidardion[Rashetnia et al.
274 | (2016), Ghasemzadeh and Pour-Gh&0X4, Li et al. 011). Active acoustic emission
275 describes a method in which a series of acoustic pulse (four dipeites in this work) is
276 sent by an acoustic emission sensor and is captured by anotsar (pétich-catch). Then, the
277 order of sending and receiving the pulse is switched betweetwtheensors. The signal
278 transmission time is measured for all the pulses and the average va&perisd (average of
279 eight measurements). Acoustic emission sensors with a peak fcggoe875 kHz were
280 used. Sensors were installed on opposite sides of 25 mm thick disk spedimeeperimeter
281 of which were slightly trimmed tangent to the edge to properly lingta sensors. Disk
282 specimens were then placed on a layer of acoustic mat on a gigidless steel frame
283 Damage was estimated basetdthe wave travel time in undamaged and damaged specimens
284 and calculating the relative elastic modulus:

285

D= —5=1—(t—°)2 Eq.6

Eo te

286

287 whereE; is the dynamic elastic modulus after freeze-thaw danfagis, the initial dynamic
288 elastic modulus (before freeze-thaw damagge)s the signal transmission time after freeze
289 thaw, and is the signal transmission time before freeze-thaw damage. In the.&ange
290 in density of the damaged material is considered negligible.

291

292
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3.4 Desor ption | sotherm
34.1 Concrete

Specimens, with different degrees of damage, were conditiorfee aelative humilities
(50%, 65%, 75.3%, 85.1%, and 93.6%). The concrete specimens had an massgé 52.5
g and an average thickness of 5.64 mm. The specimens wdrencuhe center of cylinder

using a precision tile wet-sapefore freeze-thaw loading@’he RH values were selected from

standard salt solutions: NaC(75.3% RH), KCI (85.1% RH), and KN(0(93.6% RH)

following the work by Castro (2011(b)), except for the 50% and 65% WRidre

environmental chambers were used to fill intermediate RH valGpgcimens were

conditioned using saturated salt solutions, except for the 50% a%d R where

environmental chambers were ugedfill intermediate RH valuesEquilibrium at a given

relative humidity was defined as a change in mass less than 1.0ang month. A total of
three replicate specimens were used for each degree afjda total of 108 samples for all

degrees of damage and RHhe total time required to reach equilibrium for all the samples

and complete all measurements was approximately 9 monthsiHdébtmeasurements were

performed simultaneously. It was found that the time to reach ewuifi{regardless of the

RH increment) was shorter for materials with higher degrees of dafi@igenay be, in part,

attributed to higher porosity and higher pore connectivity of masewdh a higher degrees

of damage.

34.2 Mortar

To measure desorption isotheahmortar specimens with different degsed damagean
automated sorption analyzer was utilized. Small samples (0. &ick, weighings0-100
mg) were used; these samples were cut with a precision Scdtiaotgon Microscope wet-

saw operating at 120 rpm with 5g of added mass to ensure the saraptesolvdamaged

14
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during cutting We note that this careful procedure was especially important at highedegre

of damage, when the material had a degraded strefbtse samples, with an average

dimension of approximately _dnm well represented the bulk material in absorption
simulations. A discussion of the effect of sample size is providedeinResults and
Discussion Section. In the sorption analyzer, mass of the specimens wégradomhile the
relative humidity was sequentially dropped from 97.5% to 0% RHh &5% RH decrease
between each successive step after reaching equilibEqgmlibrium was defined as a mass
change less than 0.001 mg within 15 minufEBis criterion was previously developed

tested, and validated in the comprehensive studidéllani et al. (2012),Castro 2011(b),

and Pour-Ghaz et al. (2010).

3.5 Saturated Hydraulic Conductivity

The saturated hydraulic conductivitk,) measurements were performed usargin-
house developed equipment shown in FigureTBe details of the saturated hydraulic
conductivity test can be found in (Ghasemzadeh and Pour-Gbda4); Measurements were
performed on initially saturated 25 mm thick diskds important to note that the specimens
were never driedA total of three replicates were used for concrete anda ¢dtfour

replicates were used for mortar at each degree of damage

1- Burette

2- Computer
3- Pressure sensor
4- Concrete disk

Figure 2: In-house developed equipment to measure saturated hydraulic etyd ()i
photograph of equipment, (b) schematic of equipment implementation

15
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3.6 Water Sorption

Sorptivity test describes the water absorption by capillary sucfio measure the amount of
absorbed water by the specimen, the speciwasplaced in contact with water and the mass
of the specimens montored over time. In this work, water absorption was carried out
following ASTM C1585; however, experiments were carried out up to 9 rdalyer than the
specified 7 day testing duratiofhe specimen conditioning according to ASTM C1585
requires drying of the specimen a’601t is assumed that this drying did not induce further
damage, since no large temperature gradients are present across the samplegethise.
Prior to the experiments, the perimeter of the specimens wiesl sesing epoxy. To avoid
contamination of circular cross-sectional surfaces with epoxy,weeg covered with pieces

of paper during the application of epoxy.

3.6 Scanning Electron Microscope

Specimens analyzed by a scanning electron microscope wereri@eaat$d’°C for 48 hours.

To minimize cracking that may result from polishing and cutting, theimgas were

penetrated with ultralow viscosity epoxy under a high-pressure vacuum (@uéib mm

Hg). The epoxy-conditioned specimens were then oven cuf@#@ for 10 hours followed
by cutting and polishing with carbide sandpaper. The polishing cahsifteanding with

low-grit to progressively higher grit sandpaper (60, 120, 240, 320, 400, 60@&n80D,200

grit) and half-micron diamond suspension. The backscattewste was used for SEM

imaging with pressure and accelerating voltage of 30 Pa and 2@sp&atively.
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4. Resultsand Discussion
4.1 Freeze-Thaw Damage Visualization and Detection

SEM images for six degrees of damage are shown in Figure 3, the left chlows SEM
images of concrete and the right column shows SEM images ofrmdite@se images are
provided to visualize damage in the materials. In the imagearshit is clear that freeze-
thaw damage is distributed across the cement paste phase, althowgtracores are
observed along the aggregate boundaries. As damage incréesesactures become
interconnected and wider in both mortar and concrete. In Figufeacture widths, in all
degrees of damage, are beldfyum. However, pore sizes, for cement paste in general, range

from nanometers to approximately Ou@b (Lura et al. 2003). Themortar specimen sizes

used in this work for obtaining desorption isotherms are, at @anuin 100-2,500 times
larger in dimension than the distributed pore or fracture syster@mnsistent with
representative volume elemdfVE) size discussed by Nemat-Nasser and Hori (1995), the
specimen sizes used for desorption isotherms of mortar are much laegerth

microstructure, and therefore, well-represent bulk material propeBifehe same argument,

the use of desorption analyzer was deemed inappropriate fornmgasesorption isotherms

of concrete due to the large aggregate sizes. Indeed, the eoswpeeimens tested here had

aggregates with a maximum size of 19 mm, resulting in a much larger R&/fhaiz mortar.
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(d) (h)

Figure 3: Representative SEM images of concrete witD @)%, (b)D =21%, €) D =

29%, @) D = 47%; and mortar witfe) D = 0%,(f) D = 18%, @) D = 30%, andif) D =48%
The damage shown in the material depicted in Figure 3 was quantifiedtigichange in
elastic properties using active acoustic emission methods. In Figuremediseired degrees
of damage using active emission for both mortar and concreteprgad. The error bars in
Figure 4 represent standard deviation. The degree of damage in amart@oncrete increases

linearly with the number of freeze-thaw cycles.
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4.2 Material Parameters

Figures & and % show the measured desorption isotherms for mortar and concrete
specimens, respectively. The desorption isotherms of montar ehdigher number of data

points and a wider range of RH values, as compared to that of concre¢ethsgcwere

4

0.0

measured using an automated sorption analyzer
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Figure 5: Desorption isotherm of specimens with different degrees of damegariar, (b)
concrete“M” and “C” denote mortar and concrete, respectively, anthe number following
these letters indicate the—is-ifegree of damage (%).

For both materials the isotherms shift upward with increased daindigating damage
increases porosity over a wide range (Ghasemzadeh and Ramr{14). The van
Genuchten model (Eqg. 4) was fit to these isotherms, after convertimgtoheater retention
curves using Eq. 5. The van Genuchten model parameters foarnaod concrete are
reported in Tables 2 and 3 respectively. The values for satumatisaulic conductivityK;),
saturaed moisture contentd), empirical parametef, and the rewetting parametergy’(
anda™) are also reported in Tables 2 and 3. In Tables 2 an@”3and “M” stand for
concrete and mortar respectively, and the number following theseslgttlicates the degree
of damage.

Table 2: Saturated hydraulic conductivity, saturation water contentjaan@enuchten
model parameters for mortar specimens

Identifier Damage K, a av n I 6; o, o
- % mm/hr 1/mm 1/mm - - - . R
MO 0 3.0x10° 1.2x10° 2.4x10°2 206 -9.0 0.03 014 0.10
M18 18 59.0x10° 1.8x102 3.6x10° 1,75 -80 0.01 0.15 0.14
M30 30 194.0x10° 3.3x102 6.6x10° 152 -8.0 0.02 (.17 0.15
M48 48  341.0x10° 1.7x102 3.4x10° 181 -80 001 020 0.17
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Table 3: Saturated hydraulic conductivity, saturation water contentjaan@enuchten
model parameters for concrete specimens

Identifier Damage K a av n I 6; o, 6Y
- % mm/hr 1/mm 1/mm - - . -
CO 0 1.4x10° 6.4x10° 1.3x10° 226 -7.0 0.03 0.15 0.11
C10 10 7.0x10° 4.9x10%2 9.8x10° 245 -7.0 0.03 0.15 0.11
c21 21 14.0x10° 4.6x10° 9.2x10° 247 -7.0 0.04 016 0.11
C29 29  26.0x10° 4.6x10° 9.2x10° 248 -6.0 0.03 (.17 0.12
C36 36 56.0x10° 4.1x102 8.2x107 264 -50 0.03 018 0.13
c47 47  131.0x10* 4.3x10° 8.6x10° 258 -50 0.03 019 0.14

We would like to point out here that while udem (Mualem 1976) proposed the
parameterl to account for tortuosity and pore connectivity, such a physitarpretation
may be only meaningful if > 0 in the classical model of unsaturated hydraulic conductivity
(Durner 1994)In this study, using the approach described in Section 2.2, satigfezsoits
were found for negative values similar to the works in (8cler et al. (2012)Poyet et al.
(2011), Schaap and LeR@00, Yates 1992, and Schuh and Clind990).

In addition tol, the saturated hydraulic conductiviti,j and open porosity6() have
significant effects on the sorptive behavior of cement-based nistetia particular,
K, considerably influences initial sorptivityK, is shown in Figure 6&o increase with the
degree of damage in both mortar and concrete. Figure 6b shaig, tincreases with
damage, similar to the increase of porosity observed in desorptiberiss. 6; (or 6 in
the case of hysteresis) largely influences the final magnitude of mwisigress and the
duration of initial absorption. While the values of open porosity intam@nd concrete are
similar in magnitude K, of concrete is significantly higher than that of mortar, espgaca
higher degrees of damage. This indicates that the open porosity (pdrésactures) are

better connected in concrete as compared to mortar.
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Figure 8 Effect of damage, D (%), on (a) saturated hydraulic conductivity and, (b) open
porosity,f,, in mortar and concrete
4.3 Simulation of Unsaturated Moisture Transport in Mortar

Results of the experimental measurements and numerical simulationteofatysorption
of mortar with different degrees of damage are compared in FiguRinfulations of water
absorption using the material model without hysteresis (from the desorptionrspérel the
proposed material model including hysteresis are included. The reseltsresented as
volume of water (mr) absorbed per water absorbing surface {nofi the sample versus
square root of time (d&%). The results were compared for the first 90 days. Note that for
each degree of damage, simulation results are compared with expiatimesults from two

samples.
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Figure 7: Experimental and numerical sorption results for mortar specimensfieiterd
degrees of damage; a) D = 0%, b) D = 18%, c) D = 30%, d) D = 48%

In Figure 7, for all degrees of damage, the results of simulationstef alsorption in
mortar compare well with experimental results at early stages tdr vedsorption. In
simulations where hysteresis is considered, early-stage results mordy aath
experimental results. The slope of the first linear portion of the expedh@rd numerical
results, initial sorptivityjs calculated and plotted as a function of degree of damdgjgtine
8. Figure 8 confirms that the results of simulation for the initial stagesat#rabsorption
agree well with experimental resyltparticularly in simulations where hysteresis is

considered

23



461
462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

0.5 ¥
0.4 7 e
R
vy 0.3 A
e/
0.2 z*
044 ~*° ® Experiment

7 = = Simulation - hysteresis
= = = Simulation

0 10 20 30 40 50 60
D [%]

Figure 8 Comparison of experimentally and numerically obtained initial satpti®, of

mortar as a function of damage

In Figure 7, at later stages of water absorption, simulation reseliste from the
experimental results. The deviation increases with damage level. As thgedacrzases, a
sharp “knee point appears in both experimental and numerical results. There is, howevera
distinct difference between the numerical and experimental results aft&néle point. In
simulated results the sharp transition marks the transition from unedttwasaturated state
of the sample while in experimental results the specimen continues to aladertafter the
knee point. In experimental results, the knee point marks transition fiaftaigasuction to

air diffusion and dissolution mechanism of water absorptiéhaéemzadeh et al. (2016),

Ghasemzadeh and Pour-Gh&29X4). Since Richards’ Equation does not account for air
diffusion and dissolution mechanisms, in simulation results (Figureth®) specimen
continues to absorb water with capillary suction until saturgtioet al. (2016)) However,
in experimental results, the specimen continues to absorb watethafienee point, largely

due to the effects of air diffusion and dissolution mechanisms.
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4.4 Simulation of Unsaturated Moisture Transport in Concrete

Results of the experimental measurements and numerical simulation of watptiabsor
concrete with different degrees of damage are compared in Figui®irBulation results
considering hysteresis are also reported. Similar to the results for repdeaimens, the
results are compared for the first 90 days. Note that for eachedefgdamage, simulation
results are compared with experimental results from two samples.

The results in Figure 9 are similar to the results presented ineFigukt early stages of
water absorption, the simulation and experimental results agree well tinladiverge at
later stages of water absorption. Simulations considering motsgsteresis are shown to
more closely match experimental results in both late- and early-sthgesisture. This is
largely due to the improved estimation (relative to using dryirg)d# saturated moisture

content after drying.
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Figure 10, similar to Figure 8, compares the initial sorptivity caledlérom experimental
and numerical results. Again, Figut® confirms that the results of simulation for the initial
stages of water absorption agree well with experimental resutssidering the effect of
hysteresis in the simulations significantly improves the estimation oflisibigotivity at

higher degrees of damage.
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Figure 10 Comparison of experimentally and numerically obtained initial sorptivifyofS
concrete as a function of damage

45 Discussion of Unsaturated Moisture Absorption Modeling Using the Classical
I sother mal M odel

Simulation of moisture ingress using Richards’ Equation only describes the physics of
capillary suction. For cementitious material with distributed algen the accuracy of
simulation results is highly dependent on the experimentally obtairgteims and
hydraulic parameters. In particular, the value of saturated Hi@@nductivity and open
porosity significantly affect the simulation results. The advantagesimg tlse simulation
techniques presented in this paper are (i) the material parameters etig dieasured using

well-researched and well-developed experimental techniqugssirtiulation of moisture
27



518 absorption using Richards’ Equation requires relatively few modeling parameters, and (iii)
519 the material model considering hysteresis does not require the adsasptioerm— the
520 acquisition of which may require considerable experimental time.

521 However, the simulation techniques presented herein $ame limitations. The simple
522 moisture hysteresis model does induce some uncertainty, since modeling parameter
523 originate from the adsorption isotherm. Moreoverthie modeling approach used here,
524  “homogenized” material parameters are used which account for the overall contribution of
525 matrix and fractures, and therefotbis model neglects direct simulation of matrix-fracture
526 moisture transfer. While early-stage simulation results were generdilsfastory
527 neglecting matrix-fracture interaction and air diffusion/dissolutéan to the divergencef
528 simulation results from experimental results in late-stages of water tbsonrghere
529 hysteresis is not considered. To improve simulation results at late-stagateofibsorption
530 especiallyat high levels of saturation and damaties feasibility of advanced models such as
531 dual-permeability or dual-porosity should be studied. Furthexrpmaodels for air-diffusion
532 and dissolution may improve simulations of late-stage moistucethm.

533

534 5. Conclusion

535 In this work,aclassical isothermal unsaturated moisture transport model was used to simulate
536 moisture ingress in mortar and concrete with a wide range ofgtarathe material model
537 where hysteresis was not considered, material parameters were obtaneskerimental
538 measurementd-or the material model accounting for hysteresis, material parameters were
539 developed based off experimental and analytical means. The resultsenitiag for all
540 levels of damage, the classical isothermal unsaturated moisture ttamspoel well
541 simulates the early stages of moisture ingress in mortar and conce capillary suction

542 is the underlying mechanism. At later stages where air diffusion andutiesaonechanisms
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as well as matrix-fracture interaction play a more significant role, thétges simulatios
excluding the effects of hysteresis deviate from experimental measuserercontrast,
results of late-stage water absorption in simulations considering hysteresss closely
match experimental results. The use of more advanced matedalsmmight be necessary

to obtain more accurate results at later stages of water absorption.
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