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Abstract

The influence of moisture content in the behavior and performance of construction materials,
such as concrete is well identified in the literature. For concrete structures, the humidity
content is influenced by the processes of drying and self-desiccation that should be reasonably
predicted in design stages for several reasons. This work focuses on the formulation for the
relative humidity field presented in Model Codes 1990/2010, and provides an evaluation of its
feasibility in view of existing data in the literature. This adoption was done because of the
relative simplicity of the modelling and the comprehensiveness of the Model Code itself.
Considering this formulation, an implementation was made through the use of the finite
difference method. The implemented model was used for simulation of experimental results
from two references in which relative humidity profiles were measured. In general terms, the
model could fairly fit the experimental results, in spite of the need to specifically address the
proposal of a boundary transfer coefficient to achieve successful simulations.

1. Introduction

The moisture content has significative influence in the behavior and performance of
construction materials, such as concrete [1-3]. The influence of moisture on concrete
mechanical aspects and response was studied by different authors [4, 5]. Furthermore,
humidity states have influence in the durability of concrete structures, particularly by
interaction with the carbon dioxide diffusion and the carbonation processes [6-9], as well as
with the chloride ingress process [10] and with other multi-physics processes, such as the
ingress of sulfates into concrete [11]. Therefore, the knowledge of the moisture distribution
within concrete, since the construction and throughout the service life, may be considered
very important.

The movement of water/moisture in porous media such as concrete or mortar is a complex
matter, because cementitious materials are known to have a wide range of diameters in their
pore structure, spanning from radiuses as small as 107" m (gel pores), to radiuses up to 102 m
(air voids/capillary pores) [12]. This complex structure of pores, and associated connectivity
network, are randomly distributed [13].

Even though many approaches have been forwarded for the simulation of moisture/humidity
fields in concrete, considering several potential field variable (e.g. absolute water, vapour
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pressure, relative humidity), the present work is centered on the approach of considering
relative humidity as the field variable. Baroghel-Bouny et al. [4] define internal relative
humidity of concrete as the relative humidity (%) of the gaseous phase in equilibrium with the
interstitial liquid phase in the pore network of the material.

In terms of modeling, BaZzant and Najjar [14] used a numerical formulation based on internal
concrete humidity as the driving potential for moisture movements. It embraced a specific
model for the corresponding diffusivity coefficient Dj. This approach has been adopted by
Model Code 1990 [15] and Model Code 2010 [16]. The corresponding field equation is
presented in Eq. 1, where ¢ stands for time.

Oh . Eq. 1
—=divD, d(h

o ivD, ( gra ( ))

For the diffusion coefficient in isothermal conditions, it can be expressed as a function of the
pore relative humidity 0 </ < I [14-16]:

I-a Eq. 2

1+ (1=n)/(1-n' ]

D,=D,|a+

where: D; is the maximum value of D, for h =1 [mz/s]; Dy is the minimum D;, for h = 0
[m’/s],

a =Dy/D; = 0.05, h, the relative pore humidity at D, (h)zO.SD1 (h. = 0.80) and n is an
exponent (n=15). According to MC1990 and MC2010, D; is defined as a function of the
mean compressive strength of concrete f.,, expressed in MPa as:

_ D],o
"8

It is worth to remark that neither MC1990 nor MC2010 [15, 16] afford recommendations on
how boundary conditions should be modeled, however it can have an important influence on
the results [1, 17]. This paper focuses in the application of the humidity modelling approach
of MC1990/2010 to the experiments reported by Persson [18] and Kim and Lee [19], in which
humidity measurements at several depths were performed during the process of drying. After
the present introduction, Section 2 focuses on the axisymmetric implementation through the
finite difference method, whereas the simulations and discussions are held in Section 3. The
conclusions of the work are then forwarded in Section 4.

D,,=1x10"m’ /s or D,, =864mm’ / day Eq.3

2. Algorithm in axisymmetric conditions

In the present section, the formulation of the humidity field in axisymmetric conditions is
presented. For axisymmetric conditions the grid that corresponds to the simulation domain is
shown in Figure 1. Two directions are defined: the angular 6 and the radial p. In the radial
direction each node has a distance Ap from the neighboring one. The derivation presented
herein assumes three consecutive nodes positioned for along the angular discretization,
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termed as 6-1, 0, and 6+1. In the radial direction, three points are also considered: i-/, i and
i+1. Each point is identified with two indexes that characterize its position in the set of points
of the grid: p"? as shown in Figure 1.
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Figure 1. Axisymmetric condition for FDM (adapted from Croft and Lilley [20])

Therefore the general equation for the and 7? operators for humidity field in axisymmetric
conditions can be written as [20]:

oh 1 0h 2

Vh(p,0)=—+—— Eq. 4 Vzh(p,e)za—hz+l%+%a—}; Eq.5
op pood op° paop p o0

From Eq. 1, applying the calculus rule, and assuming that the distance between consecutive

nodes may be considered small, it may be inferred that small spatial variation of D), will occur

6h 1 Oh
—+——| may be
op p oo

disregarded. Consequently, by applying standard finite difference definitions to Eq. 1, while
replacing the necessary parameters by equations 4 and 5, one can obtain:

between consecutive nodes. In view of such reasoning, the term VD,,(

B o B =2 R R W 2h
=D, 5 + + > > Eq. 6
At (Ap) 2py Ap (po) (A6)

Adopting no variation on the angular direction (46) due to the axisymmetric condition (Eq. 7),
Eq. 8 is obtained as [21]:

B0 _ pis0 _ pis0-1 Eq. 7

n+l n+l n+l

215



International RILEM Conference on Materials, Systems and Structures in Civil Engineering
Conference segment on Moisture in Materials and Structures
22-24 August 2016, Technical University of Denmark, Lyngby, Denmark

0 _ pi0 ) i0 ) )
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At Ap) (Ap)” 2poAp

Eq. 8
R e e
(Ap) 2po Ap
For the boundary, the assumption of the Neumann’s boundary condition provides [21]:
i:0 Oh : Eq.9
D, v % = fboumzm (hnfl - henv) 94

Adopting a fictitious node for “i+/” and a fictitious humidity n ;Baccording to standard

n+l

finite difference derivations, Eq. 9 may be re-written as:

0
hH] .0 :h,-,l .0 4 ZApr;woundary X(henv - hn+l ) Eq 10

n+l1 n+l i0
Dh

Solving in terms of h;ill * and replacing in Eq. 8, the final equation for the boundary may be
expressed as:

. 1 1
B =—h, x(-2Ap)x(~A —
n env ><( p) X( Z‘) X ﬁwundary x {(Ar)z + 2p0 AVJ

Eq. 11

. N 1
+h' 20 %| 2x (=Dl At
n+l X X( h )X[(Ap)ZJ

The humidity in each step is calculated in an incremental/iterative process. The £ value
obtained on time step “n” is adopted as the first trial value for step “n+1”, particularly in
regard to the estimation of D, (implicit backward-Euler formulation). This is a typical
nonlinear process, because of the dependence of Dj on 4. The Newton-Raphson method is
used to solve the nonlinear system of equations [22]. The residuals vector was calculated with
the difference of humidity values in two consecutives iterations. The convergence criterion
was based on the comparison between the norm of the residuals vector with the maximum
tolerance, which was assumed equal to 0.0001. More information about the calculation of the
residual vector and the overall procedure can be found in Azenha [3] and Oliveira [1]. The
axisymmetric implementation was verified with a simple example with the TNO-DIANA"
[23].

Additionally to this implementation, a 1D model in non-axysimetric conditions was also
derived and deployed. More details about such implementation can be found in Oliveira [1,
2].
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3. Simulations

The first group of experiments simulated was tested by Persson [18]. The author casted
circular concrete slabs of 1 m diameter and 0.1 m thickness, schematically shown in Figure 2.
The specimens were sealed with layers of epoxy resin on their top and bottom flat surfaces
[18]. It is remarked that the experiments presented by Persson [18] have been conducted with
exposure of concrete to drying at the age of 3 days. Even though the MC1990/2010 approach
does not include any specific correction for exposures earlier than 28 days, it was decided to
carry out the simulation anyway. This decision was taken because the monitoring depths
presented in Persson [18, 24, 25] were the deepest ones found in the literature (max. 35cm
deep measurement), thus representing a very unique possibility of validation. Furthermore,
the experiments conducted by Kim and Lee [19] with specimens exposed at 3 and 28 days
have demonstrated similar results for the largest monitored depths (e.g. 12 cm), thus
providing grounds to the simulation attempt reported herein.

Even the environmental conditions during the experiment (temperature and relative humidity)
were not constant throughout the entire period of testing, their variation observed by
monitoring was limited (for further details see Persson [18]). For such reason the simulation
was conducted under the assumption of constant environmental temperature (21°C) and
humidity (33%).

Relative humidity measurements were obtained through cast—in plastic probes placed at
depths of 5, 15 and 35 cm from the exposed surface [18, 24, 25] (see Figure 2).
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Figure 2. Schematic representation of the geometry and size of test specimens — dimensions in cm
(adapted from Persson [24])

Five concrete mixes have been studied, here termed as Mix I and Mix 2, Mix 3, Mix 4 (with
silica), Mix 5 (with silica), with the compositions detailed in Persson [18, 24, 25]. The
concrete mixes had average compressive strengths of f.,,, ayi; = 80 MPa and f.,, min2 = 37
MPa, fom mixz = 57 MPa, fom miva = 67 MPa, fonm mivs = 91 MPa. The effects of self—desiccation
were experimentally assessed in sealed specimens and the corresponding humidity decreases
were imposed in the numerical simulation, based on the data provided by Persson [24]. Such
humidity decreases in the sealed specimens are presented as [day, humidity], for Mix [ [28,

217



International RILEM Conference on Materials, Systems and Structures in Civil Engineering
Conference segment on Moisture in Materials and Structures
22-24 August 2016, Technical University of Denmark, Lyngby, Denmark

0.92; 90, 0.88; 446, 0.86], Mix 2 [28, 0.96; 90, 0.96; 440, 0.96], Mix 3 [28, 0.97; 90, 0.95;
446, 0.88], Mix 4 [28, 0.95; 90, 0.88; 446, 0.83], Mix 5 [28, 0.88; 90, 0.81; 446, 0.76].

The direct application of the parameters of MC2010 for Dy (D1,mix1 = 12.2; D1,mix2e = 29.8
mm?/day; Di,mixs = 17.6 mm’/day; Dimie = 14.6 mm?/day; Di,mis = 10.4 mm?/day) and
assumption of Dirichlet boundary conditions (i.e. by imposing the environmental humidity
values to the boundary nodes), led to unsatisfactory agreement between numerical results and
monitored h (for further details see Oliveira [1]). It was then decided to look for better
coherences by making minor changes to the diffusion parameter, whereas inputting a
boundary transfer coefficient fooundary to the surface regions. It is remarked that the fitting
processes adopted in this work were further performed for an extensive range of values for
both D; and fpoundary parameters, as to evaluate the uniqueness of the initially obtained
solution. In fact, Dy was studied in the range 0.1 mm?*/day to 200 mm?*/day with increments of
0.5 mmz/day. Simultaneously, fooundary Was varied in the range 0.1x10™ m/day to 100x10™*
m/day. These ranges considered the recommendations of MC90/2010 and work of Kim and
Lee [19] (for further details see Oliveira [1]).

The simulations, for better agreements led to Dy values that were rather similar to the initial
ones (recommended by MC1990/2010): Dy,mixs = 12.0 mm?/day; D1,mixe = 30 mm?*/day, D1,mix
= 8 mm’/day, Di,mixa = 13 mm?/day, D1,mixs = 8 mm?/day, while the fitted values of fooundary
for Mix 1, 2, 3, 4 and 5 were respectively 1.4x10™* m/day, 3.0x10* m/day, 1.0x10* m/day,
1.5x10* m/day and 0.8x10* m/day. To illustrate the quality of the attained coherences for
all the simulations, Figure 3 presents both the experimental and simulated results for Mix1.
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Figure 3. Humidity profiles for Mix 1: experimental and numerical results after the fitting process

The second set of simulated experiments was presented by Kim and Lee [19], who studied
three different concrete compositions, termed H, M and L, using 10 cm X 10 cm x 20 cm
specimens (for concrete the compositions see Kim and Lee [19]). After an initial period in
which the specimens were kept inside their mold, they were submerged in water from the age
of 1 day until the age of 28 days. At 28 days, the specimens were removed from water, their
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surfaces were sealed, and placed in a climatic chamber with T =20 £ 1 °C and heny = 50 £ 2%.
The evaporation could only take place through a 10 cm x 10 ¢cm surface, simulating a 1D flux.
Humidity sensors were placed at three distinct depths: 3 cm, 7 cm and 12 cm. Kim and Lee
[19] also measured the humidity decrease associated to self-desiccation phenomena in
companion sealed specimens. At the age of 28 days, the recorded value was stabilized at
approximately 95% for mixes H and M, while the value for mix L was ~99%. These values
were used as starting conditions for the humidity of concrete in the simulations.

For specimen M, the proposed value for D; given by the equation presented on the MC2010,
used together with Dirichlet boundary conditions, led to relevant discrepancy in regard to the
experimental data. A fitting approach for D1 and fpoundgary Was then followed, similarly to the
process mentioned above for the data of Persson. The results of the best combination of
fhoundary and D1 values for specimen M are shown in Figure 4. From the results obtained, it be
noticed that a change of D1 from 16.1mm2/day to 32 mmz/day and the introduction of fyoundary
= 3.2x10™* m/day provided simulation results that approximated the experimental results quite
satisfactorily. Similar strategies were taken for specimens H and L, with the final summary of
results for the two sets of experiments being shown in Table 1.
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Figure 4 — Humidity profiles specimen M: experimental and numerical results after the fitting process

Table 1 Summary of the simulations and results

- D, (mm*/da D, (mm*da f m/day) (107
Designation | for, (MPa) 1\14(C90/2013] : bestitglt simulaii)on bi))ugs::yﬁ(t simu)i;t(ion )
Mix 1 80 12.0 12 1.4
Mix 2 37 29.8 30 3
Mix 3 57 17.6 8 1
Mix 4 67 14.6 13 1.5
Mix 5 91 10.4 8 0.8
H 84 11.4 20 2.0
M 61 16.3 32 3.2
L 30 39.3 52 4.8
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Considering the data presented in Table 1, the plot of the attained values of fyoundary as
function of the compressive strength of the tested concrete is shown in Figure 5, in which a
clear tendency can be observed. Indeed, as the compressive strength of concrete increases the
boundary transfers are decreasing, in probably in coherence with a less porous boundary. This
observation is in agreement with the surface factor theory proposed by Zhi et al. [26].

It is remarked that the above relationship solely considers the effect of fcm on fooundarys
neglecting the potential influence of wind speed on the boundary transfer coefficient.
Considering that the present work simulated hardened concrete, this can be considered a
plausible interpretation. In this sense, Azenha et al. [27, 28] demonstrated experimentally that
cementitious based materials exposed to drying process after the ages of 7 days tended to
present very low (or even negligible) sensitivity to wind speed in terms of drying velocity (i.e.
mass loss).

]
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Figure 5 — Correlation between the boundary coefficient and the concrete compressive strength.

4. Conclusions

This paper has presented the application of the MC1990/2010 approach to moisture diffusion
simulation to experimental data available in the literature. The implementation of a 1D finite
different formulation was presented, and the implemented algorithm was applied to the results
of two distinct research works. A total of 8 different mixture compositions and two different
specimen sizes were assessed.

It was found that the direct application of the MC1990/2010 approach failed to provide
accurate descriptions of the humidity profiles in the tested specimens. However, after a fitting
process that included the proposal of a boundary transfer coefficient (as opposed to the
imposed humidity at the boundaries that is inferred from the MC1990/2010), it was found that
very good predictive accuracies could be reached, with diffusion parameters that resembled
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the ones proposed by the Model Codes. It was further found that the proposed boundary
coefficients had a clear relationship with the compressive strength of the concrete under
consideration.

The validation reported herein can play an important role in assisting design offices and
researchers that seek simplified simulation approaches that have proven performance in
regard to actual test data.
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