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Chapter 1 

INTRODUCTION 

The moisture content and moisture migration in cementitious materials determine their 
time dependent response, denoted by the terms creep and shrinkage. Much research has 
been done over the last decades to gain insight in these phenomena and to distinguish 
between true and apparent mechanisms of creep and shrinkage. However, both experi
mentally and computationally much remains to be done to characterise the true material 
shrinkage, stress-induced shrinkage, basic creep and the coupled effect of cracking and 
accelerated moisture migration. In this report and an accompanying report (Van Zijl 
1999) these issues are addressed. Here a mathematical model and its finite element (FE) 
solution for analysing moisture migration, the underlying mechanism of shrinkage and 
creep in cementitious materials, are elaborated. In the accompanying report a model is 
described for the FE analysis of the mechanical response, namely creep, shrinkage and 
cracking. 

As has become customary, the moisture migration is modelled as a diffusion-type process 
(eg. Bazant 1988, Pel 1995). It is expressed in terms ofthe pore humidity, as this quantity 
is directly linked to shrinkage and governs the conditions of convection at the boundary 
with air and continuous pressure across the interfaces with neighbouring cementitious 
materials. 

It is assumed that the coupling with the mechanical response is weak, thus enabling 
sol ut ion ofthe diffusion equation in a separate/uncoupled manner from the the mechanical 
response. The hygral effects enter the latter process via the stress-free dimensional change 
and the viscosity of the deformational process, or bulk creep (Van Zijl 1999). 

The material of interest is masonry, to be regarded as a particular cementitious concrete

like material. Experimental data obtained by Nuclear Magnetic Resonance (NMR) is 
ernployed to characterise the nonlinear diffusion coefficient (Pel 1995). Subsequently the 
model is employed in the analysis of creep and shrinkage of masonry specimen tested 
by Van der Pluijm and Wubs (1996) . The dilemma of having measurements of only 
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2 1 INTRODUCTION 

the global response of masonry as a composite for estimating the model parameters is 
discussed comprehensively. This has inspired the proposal of an experiment al program 
for the characterisation of all the model parameters required by the numerical model. 



Chapter 2 

MATHEMATICAL DESCRIPTION 

The behaviour of cementitious materials depends strongly on their moisture content. It is 
therefore important to understand the moisture distribution in masonry, especially if the 
time-dependent phenomena of shrinkage and creep are to be analysed. In this chapter a 
mathematical formulation is elaborated for the modelling of the moisture migration in a 
porous medium. 

2.1 Non-linear diffusion theory 

The sol ut ion of the various moisture transport phellomena at the micro level in aporous 
medium, i.e. at the pore level, is hardly possible, due to the complexity of the pore geome
try. Besides, for practical relevance a description at the macro level is required. However, 
the description of the phenomena at the micro level and subsequent volume averaging 
(Whitaker 1977, Bear and Bachmat 1990) facilitate setting up such a macroscopic formu
lation. In this spirit the Navier-Stokes equations for the microscopic liquid transport are 
volume-averaged, leading to Darcy's law for macroscopic liquid moisture flux 

(2.1) 

where Ol is the volumetric liquid moisture content, T is the temperature, dOl is the liquid 
moisture diffusivity and drl is the thermal liquid moisture diffusivitY. Fick's law for 
the vapour transport in the micro-pores is volume averaged, giving the expression for 
macroscopic 'vapour flux 

qv = -dOv'VOI - drv'VT, (2.2) 

where dov is the vapour moisture diffusivity and drv is the thermal vapour moisture 
diffusivity. By addition the total moisture flux is 

q = -do VOl - dr VT (2.3) 
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wh ere 

do = dOl + dov 

dr = drl + drv. 

2 MATHEMATICAL DESCRIPTION 

(2.4) 

By combining the results with the macroscopic descriptions of mass conservation the 
moisture flow in a non-saturated, porous medium under hygral and thermal gradients can 
be described by the nonlinear diffusion-type equation 

dB 
dt +V .q+Q =0 (2.5) 
q = -do VB - dr VT 

where B is the total moisture content in liquid phase BI and vapour ph ase Bv and Q is the 
rate of moisture loss due to hydration. Note that gravitational effects on the moisture 
transport have been neglected. See for example Philip and De Vries (1957), Pel '(1995), 
or Brocken (1998) for comprehensive discussions and the derivation of eq. (2.5). 

The nonlinearity is caused by especially the moisture diffusivity being strongly dependent 

on the moisture content. 

BecausE shrinkage and creep dep end directlyon the pore pressure, it is convenient to 
write the diffusion process in terms of the relative pare humidity 

h = p!p., (2.6) 

with P the macroscopical pore pressure and Ps the macroscopical pore pressure at satura
tion. Now eq. (2.5) becomes 

dh -1 oh OT 
dt = -c (V· q + Q) - OT 8t (2 .7) 

q = -dhVh, 

where 

oB 
c oh 

oT 
dh = doc + dr oh . 

(2.8) 

The parameters in eq. (2 .7) can be interpreted physically. The gradient of the hygro
scopic relation c reflects the ability to absorb or release water under unit change in h. 
Furthermore, dh has been shown to represent permeability (Bazant and Najjar 1971). 
An added benefit of this formulation is that the influence of the continued hydration can 
usually be ignored (Bazant 1988) . If, in addition, isothermal conditions are assumed, eq. 
(2 .7) reduces to 

h=-c-1V·q 

q = -dhVh 

d h = doc. 

(2.9) 
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Note that the overhead dot notation has been introduced for the time derivative. Of ten 

the fact that the coefficient of absorption c is approximately constant is exploited, for 
example for concrete in the range 0.2 ~ h ~ 0.95, simplifying eq. (2.9) to 

h = V· (deVh). (2 .10) 

In this report the general case of eq. (2.9) will be considered. It is only valid in the 

hygroscopic range, i.e. where :~ is defined. Beyond this range of moisture contents 

moisture is accumulated in the large pores. It is a weil accepted fact that the migration 
of the water in these macro-pores does not contribute to shrinkage. 

2.2 Initial and boundary conditions 

A further advantage of employing pore humidity as potential for the diffusion equation is 
that the boundary conditions can be easily identified: 

essential, 
natural, 
convective: 

i.e. prescribed humidity: hB 

i.e. pres cri bed boundary flux: q. n 
q·n 

(2.11) 

with n the unit vector pointing outward, normal to the boundary, the subscript B 
denoting the boundary and the subscript E denoting the prescribed, or environmental 
value. The surface convection coefficient {3, sometimes referred to as the film coefficient, 
is given by 

{3 = {3* Ps 
PI 

(2.12) 

with {3* (slm) the transfer coefficient depending mainly on air velocity and surface smooth
ness (Tammes and Vos 1984) and PI (kg/m3

) the liquid moisture mass density. 

2.3 Moisture migration in a two-phase medium 

Masonry is a composite material comprising of bricks/blocks and mortar/lime. It is of ten 
assumed that brick/ mortar interfaces are hydraulically perfect, i.e. the contact is perfect. 
This implies that the pressure, of which pore humidity is a measure, is considered to be 
continuous across the interface: 

(2 .13) 

where the subscript b denotes brick/block and the subscript m denotes mort ar. However, 
recent studies of moisture transport across such brick/mortar interfaces have indicated 
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that the contact between the two masonry constituents may not be perfect (Pel 1995), 
calling for an interfacial hygral resistance to be included in the model (Brocken and Pel 
1997) . The same authors have since reported that by just slightly varying numerical 
modelling parameters, the assumption of perfect hydraulic contact does in fact enable 
numerical simulation of moisture transport across such interfaces (Brocken et al. 1997) . 

In the current study perfect contact is assumed, implying that, for the general case that 
the hygroscopic relations for brick and mort ar differ, a discontinuity in moisture content 
occurs at the interface: 

(2.14) 

For a solution of the differential equation in terms of moisture content (2.5), this discon
tinuity would require the nonlinear constraint of the interfacial values, complicating the 
numeri cal modelling. This is another advantage of adopting the diffusion formalism in 
terms ofthe pore humidity (2.9). An example of a moisture migration analysis in masonry 
is given in Appendix A to illustrate the discontinuity at the interfaces between the phases. 

2:4 Coupling with mechanical response 

The mathematical formulation of the mechanical behaviour and its numeri cal solution is 
described in an accompanying report (Van Zijl 1999). There, the influence of the moisture 
migration on the mechanical response is elaborated in detail, rendering brief comments 

here on the treatment of the coupled problem sufficient. 

Contradicting evidence about the coupling between stress-strain behaviour and moisture 
migration exists. L'Hermite and Mamillan (1968) conc1uded from water loss measure
ments of loaded and unloaded specimens that the drying rate is not stress dependent. 
On the other hand Tanabe and Ishikawa (1993) report a weight loss of between 0.1% and 
0.3% due to the drainage of unhydrated water by compressive loading. This insignificant 
effect is ignored here, enabling a one-way coupling approach to be followed, where no 
mechanical influence enters the moisture diffusion formulation. The moisture migration 
influence is, however, included in the description of the mechanical behaviour (Van Zijl 
1999). 

Note that in the presence of wide cracks an increased drying rate is to be expected. This 
has been shown experimentally by comparing the drying rates of cracked and uncracked 
concrete specimens (Bazant et al. 1987). For the case of shrinkage induced cracking 
investigated in this report, wide cracks are not encountered. When, in addition to the 
selfj eigenstressing caused by the hygral gradients, an external restraint to hygral dimen
sional change exists, as in the case study in the accompanying report, wide cracks may 
occur. However, this requirement for coupling between the mechanical and hygral re
sponse is ignored in this study for sake of simplicity. 



Chapter 3 

NUMERICAL SOLUTION 

3.1 Weighted residual formulation 

The diffusion equation (2.9) states the process at hand in the strong form, i.e. the condi
tions must be met at each material point . For numerical approximation the weak form is 
adopted. Now the conditions are met only in an average sen se 

fvW(ch+V.q) dV= fvWEdV=O , (3.1) 

where W is a weight function to force the error or residu al E to zero in a volume-averaged 
sense. To reduce the order of the differential equation and to introduce non-essential 
boundary conditions, the theorem of GaufJ is applied, giving 

fv Wch dV - fv VW· q dV + Is Wq· n dB = O. (3.2) 

Assuming natural conditions at a part of the boundary BN and surface convection on 
another part of the boundary Be cf. eqs. (2.11,2.12) , eq. (3 .2) becomes 

r WchdV- r VW.qdV+ r W jJhdB= r WqBdB+ r WjJhEdB. 
Jv Jv JBc JBN JBc (3.3) 

3.2 Finite Element formulation 

In the FE approach to solve eq. (3.3) the domain is discretised into finite elements. In 
stead of selecting trial functions th at satisfy global boundary conditions, approximation 
or interpolation functions are selected to satisfy the element boundary conditions. A 
variable is approximated within each element as follows: 

he = N eh e (3.4) 

7 



8 3 NUMERICAL SOLUTION 

where Ne is a matrix of element interpolation functions and he the vector of humidities 
at discrete points on the boundary and/or within the element. AIso, in the Galerkin 

approach, the weight function W is chosen to be of the same class as the interpolation 
functions N. By substitution of (3.4) and (2.9b), eq. (3.3) now becomes 

r NTcNh dV + r (VNf dhVNh dV + r N T(3Nh dB = 
J~ J~ J~ 

r NT qB dB + r NT (3hE dB 
JB~ JBc 

(3.5) 

in each element. For clarity the superscripts e have been retained only on the symbols 
for the integration domains. Eq. (3.5) can be written symbolically as 

with 

ce = r NTcN dV Jve 

D~ = r (VNf dhVN dV + r N T(3N dB Jve JBc 
Qe = r NTqB dB + r N T(3hE dB. 

JB~ JBc 

(3.6) 

(3.7) 

By accumulation of contributions from all elements the system set of differential equations 
are assembied as 

(3.8) 

where h now contains the pore hu midi ties at all the discrete points employed for discretis
ing the domain. 

3.3 Time integration 

Eq. (3.8) is solved step-wise by direct time integration for each time step flt at time 
t + aflt, 0 :S a :S 1 in a generalised trapezoidal fashion . Hereby the set of differential 
equations is converted to a set of ordinary equations 

with 

Dhh* = Q* 

h* = t+o.tl~ h 
Dh = t+o.tltc + a flt t+o.tlt Dh 

Q* = a flt t+o.tltQ + t+o.tltc th. 

In eq. (3.10) use is made of the time derivative 
. t+o.tlth _ th 

t+o.tlth = ___ _ 
a flt 

In this study fully implicit Euler backward integration is used by selecting a = 1. 

(3.9) 

(3.10) 

(3.11) 
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3.4 Incremental iterative solution procedure 

Due to the nonlinearity of eq. (3.9), caused by the dependence of the diffusivity and the 
moisture capacity on the pore humidity, an incremental-iterative sol ut ion procedure is 
followed: 

(3.12) 

where i denotes the convergence iteration number. Here, either the regular Newton
Raphson method is employed, rendering 

D inc = D~, i ' (3.13) 

or the modified Newton-Raphson method, when 

D inc = D~,l' (3.14) 
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Chapter 4 

DETERMINATION OF THE MODEL 
PARAMETERS 

4.1 Hygroscopic relation: e - h 

The moisture capacity is derived from the sorption isotherm, or hygroscopic relation, as 
its gradient (c(h) = a~/ah) . Because of the well known hysteretic behaviour for drying 
and wetting cyc1es the desorption isotherm is employed for the drying studied here. For 
concrete the most widely used sorption isotherm is the BET model (Brunauer et al. 1938) 
and more lately the BSB model (Brunauer et al. 1939). However, in this study desorption 
isotherms for masonry determined experimentally at Eindhoven University of Technology, 
are employed - Figure 4.1. 

lO--tI Calcium silicate: absorption 
G----tl Calcium silicate: desorption 

";-:-' 0.08 "' y----,. Mortar: absorption 
~ " - - - -'V Mortar: desorption 

ë 0.06 
.!l c 
0 
u 
~ 

0.04 

.3 
on 

" 0.02 
~ 

0.00 
0.0 0.2 0.4 0.6 0.8 

Relative humidity 

1.0 

Figure 4.1 : Isothermal sorption curves (Pel 1995) for masonry constituents. 
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12 4 DETERMINATION OF THE MODEL PARAMETERS 

4.2 Diffusivity coefficient 

Due to the wide range in pore sizes in concrete the determination of the permeability 
dh(h) or, alternatively, the moisture diffusivity do(h), eq. (2.9), is difficult . Indirect 
methods have been employed to fit test data (Bazant and Najjar 1971, Xi et al. 1993, 
Alvaredo 1994), as weil as empirical formulas. Lately, the accurate measurement of mois
ture profil es has become possible with Nuclear Magnetic Resonance (NMR) (Pel 1995). 
A one-dimensional drying test setup and the NMR-measured moisture profiles are shown 
in Figure 4.2. 

sealed" 

l-dimensional 
drying test 

(a) 

0.30,..-------------0 

;;
'E 

0.25 

"'E 0.20 

c 
lil 
1: 0.15 o 
o 
lil 
;; 
:; 0.10 

o 
E 

-7.5 -2.5 2.5 7.5 12.5 

position (mm) 

(h) 

Figure 4.2: (a) 1-Dimensional drying test for measuring (b) moisture profiles (Pel 1995), 
using NMR. 

From these profiles the diffusivity coefficient can be derived by integration of eq. (2.5) for 
the one-dimensional, isothermal case with Q=O, yielding: 

{Xl 00 
J, -dx 

do = (L ogt) 
ox x' 

(4.1) 

In the above derivation use has been made of the zero flux boundary condition at the 
sealed end (x = L) . A detailed description of the calculation of the nonlinear diffusivity 
from measured moisture profil es is given by Pel (1995). He also outlines the receding 
drying front method for characterisation of the diffusivity in the low moisture content 
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range. With the diffusivity coefficient determined in this manner, Figure 4.3, the moisture 
profiles can be reproduced numerically. This can be se en by comparing the numerically 
obtained moisture profiles, Figure 4.4, with the measured profiles, Figure 4.2b. Figure 4.4 
shows the solutions of the governing equations in terms of (a) moisture content (2.5) and 
(b) pore humidity (2.9). In the latter case the pore humidity profil es are translated to 
moisture content via the hygroscopic relation. Note that care must be taken with regard to 
the smoothness of the parameter functions, as more strict time and spatial discretisation 
requirements exist for non-smooth parameters when sol ving for pore humidity from eq. 
(2.9). This matter is discussed in detail in Appendix B. 

Pel (1995) ascribes the minimum and subsequent increasing diffusivity with moisture 
content decrease to the transition from liquid to vapour dominated moisture transport. 
However, a monotonically increasing diffusivity with increasing moisture content is found 
for the absorption, or wetting case, Figure 4.3. To investigate this phenomenon further, 
we consider the Boltzmann transformation, which reads for the one-dimensional case 

(4.2) 

and by which the partial differential equation 

oB = ~ (De OB) ot OX OX 
(4.3) 

is transformed to the ordinary differential equation 

f-+2- De- =0 dB d ( dB) 
df df df 

(4.4) 

if the diffusivity is spatially independent. By scaling all wetting moisture profil es with 
1/0 they should coincide on a single B - f relation, the sol ut ion of eq. (4.4). This 
is the case for the wetting of the building materials tested by Pel (1995) , proving the 
spatial independence of the wetting diffusivity coefficient. For drying, however, this is not 
the case, indicating something like the so-called wall-effect in concrete (Alvaredo 1994), 
where the larger porosity of the upper/outer skin due to the casting process causes a 
higher diffusion rate than deeper in the concrete. Such a structural effect may, off course, 
not be included in a model parameter to be applied in the prediction of the response of 
specimens of other dimensions and subjected to other conditions. Thus some uncertainty 
prevails about the mechanism causing the increased diffusion at low moisture contents and 
thus the validity of the coefficient for drying. Nevertheless, it is accepted for the analyses 
in th is report , as the low moisture content region of uncertainty is barely entered. 
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Figure 4.3: Diffusivity variation with moisture content for various building materials (Pel 
1995) . 
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Figure 4.4: Moisture profiles obtained by FE solution of the nonlinear diffusion equation 
(a) for moisture content () and (b) pore humidity h, moisture content subsequently being 
calculated from the hygroscopic relation ()(h) . 



Chapter 5 

SIMULATION OF MASONRY CREEP AND 
SHRINKAGE EXPERIMENTS 

To apply and validate the numeri cal formulation for moisture migration elaborated in 
the previous chapters, masonry drying experiments are analysed in this chapter. As the 
mechanical response in terms of shrinkage and creep serves as further verification and 
validation of the diffusion model, as well as the decoupled diffusion/mechanical modelling 
approach, it is analysed employing the mechanical model described in the accompanying 
report (Van Zijl 1999). 

Recently Van der Pluijm and Wubs (1996) performed creep and shrinkage experiments on 
several of the most commonly used masonry combinations in The Netherlands. Compres
sive loads were applied, where as tensile creep behaviour would be of particular interest 
for the current study. Nevertheless, the experiment al data serves as a valuable prelimi
nary source for parameter estimation and computational model validation. Two masonry 
specimens, namely the calcium silicate element (KZE) and Waal Format (WF) brick spec
imens (KZB) respectively, Figure 5.1a, are studied here. Note that symmetry is assumed, 
requiring one-eighth of the specimens to be modelled, Figure 5.1b. This is clearly not 
the case for KZE, but the reduced computational effort justifies this simplification. It is 
believed that the sensitivity to this simplification of the global response in terms of total 
dimensional change in time is insignificant compared with the crudeness of the parameter 
estimation enforced here by insufficient experimental data. 

15 
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Brick (WF) specimens Element specimens 
(KZB) (KZE) 

450mm 

I' 
430mm 

' 1 12 r-

(a) r IEdl=[ . -- - --. 12 
D ----- E I r ê I : I I 

I 

~ ~-+l-L E t: 
C'I I • I 
<') 

I I 
~ .-----. 
~ " } } 

/ ........... .... >, /' 

(b) 

/' 

Figure 5.1: (a) Masonry shrinkage specimens investigated. (b) One eighth of each speci~ 
men modelled by assumption of symmetry. 
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5.1 Modelling approach 

To investigate the moisture gradients and the resulting nonuniform dimensional change 
causing eigenstressing in the specimens, three-dimensional analyses are performed. In 
Appendix C the deficiency of plane (two-dimensional) modelling in capturing the slow 
drying response of a typical cementitious material is illustrated. 

As outlined in the accompanying report (Van Zijl 1999) we can followeither a discrete, 

or a macro/ continuous approach to model the masonry mechanical behaviour in two 
dimensions, more specifically, in the framework of plane stress. For three-dimensional 
analysis, however, discrete analysis is currently the only option, as the extension of the 
plane stress anisotropic Rankine continuum model (Lourenço 1996, Van Zijl 1999) to three 
dimensions is neither simp Ie nor within the scope of this project. Thus we perform discrete 
analyses in this report, employing the three-dimensional interface model comprising a 
tension cut-off and Coulomb friction criterion based in multi-surface plasticity to capture 
nonlinear behaviour (cracking and shearing) in the brick-mortar interfaces, or the joint 
as a whoie. 

5.2 Model parameters: moisture migration 

Pel (1995) performed NMR measurements of moisture profiles during drying of sand-lime 
specimens, similar to the calcium silicate material bricksjblocks used for the specimens 
tested by Vàn der Pluijm and Wubs (1996). The diffusion coefficient derived from the 
moisture profiles via eq. (4.1) and the receding drying front method (Pel 1995) are 
assumed for the current analyses. The required hygroscopic relation 8(h) is also obtained 
from Pel (1995) . 

Furthermore, Pel measured moisture profiles in a typical masonry mortar, but cured in 
and subsequently taken from baked clay brick masonry. This procedure ensures that the 
mort ar properties, as significantly influenced by the particular brickjblock it is contact 
with, are measured. As no other mort ar drying data is currently available, the diffusivity 
and hygroscopic curves measured by Pel are employed here. With regard to moisture 
loss this assumption is justifiabie, because the total mort ar volume in especially the KZE 
specimen is relatively smal!. However, the influence on the nonuniform shrinkage field 
and, accordingly, eigenstressing and cracking in the shrinking masonry specimen, is not 
easy to predict. The diffusion coefficient and hygroscopic curves employed are shown in 
Figure 5.2a,b respectively. 

The surface convection coefficient (also known as film coefficient) is assumed as 5 mmjday 
for zero air speed (Tammes and Vos 1984). It turns out that the global drying response 
is insensitive to this coefficient in the range 0.5 ~ j3 < 00 mmjday - see section 5.9.l. 
However, employing a finite coefficient (5 mmjday) helps prevent overshoot - see Appendix 
D. Note that surface convection was modelled only at the wall face , because the edges of 
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Figure 5.2: (a) Diffusion coefficient variation with moisture content and (b) isotherm al 
desorption curves (Pel 1995). 

each specimen were sealed in the experiments. 

5.3 Model parameters: mechanical behaviour 

The parameters needed to describe the mechanical behaviour are summarised in Tables 5.1 

and 5.2. These parameters are based on the experiment al studies by Van der Pluijm and 
Vermeltfoort (1991) and Van der Pluijm (1992) and have recently been verified thoroughly 
(Van Zijl 1996 and Van Zijl et al. 1997). 

The Maxwell creep model parameters were obtained (Van Zijl 1999) by least squares curve 
fitting of measured compressive creep data by Van der Pluijm and Wubs (1996) - Figure 
5.3. 

Their creep specimens were subjected to a constant load, causing an average compressive 
stress of 2.5 N /mm2. They measured shrinkage strains on tree shrinkage specimens and 
approximated the basic creep cc, i.e. creep on non-drying specimens, by subtracting the 
free shrinkage Cs and elastic strains Ce as follows: 

(5.1) 

with c the total strain measured on the drying creep specimens and Cs the tot al strain 
measured on the drying, non-Ioaded specimens. This method ignores not only the influ
ence of the stress level on the shrinkage strain, but also the influence of cracking due to 
eigenstressing in the free shrinkage specimens. Nonetheless, this data is used for a first 
estimate of the bulk creep parameters here. 
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Brick Mortar Interface 

E 1/ ft GI 
f E 1/ ft GI 

f CO tancpo tancpr GIl 
f 

N N N N N N N N 
mm2 mm2 mm mm2 mm2 mm mm2 mm 

11500 0.2 2.0 0.06 3300 0.2 0.1 0.005 0.28 0.97 0.75 0.02-0.03CT 

Elasticity Strength Softening 

E Young's modulus ft tensile strength GI 
f tensile fracture energy 

1/ Poisson's ratio Co original adhesion GIl 
f shear fracture energy 

CPo initial friction angle CT normal stress (N/mm2) 

CPr residual friction angle 

Table 5.1: Mechanical material parameters employed for calcium silicate brick and element 

specimens. 

tampo 

dilatancy coefficient '!/Jo 

uplift normal to joint CTu 

shearing along joint 0 

0.67 

CTu 0 

N 
mm2 

-1.22 17 

dilatancy angle at zero pressure and shear-slip 

pressure inhibiting any up lift 

gradient of surface smoothing with shear-slip 

Table 5.2: Dilatancy parameters employed. 
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Figure 5.3: (a) Measured creep and fitted five-element Dirichlet function. (b) Relaxation 
function derived from (a). 

Nearly equal creep coefficients, defined as 

A.. _ é c 
o/c - , 

é e 
(5.2) 

were reported for the KZE and KZB specimens. Equal creep coefficients are assumed for 
the bricks, elements, as weIl as the mortar. This means that the same relaxation times 
('\1, '\2, ... '\N) are used for both constituentsand, once the Maxwell spring stiffnesses 
(El, E2 , ... , EN) have been found for one constituent, those for the other are obtained by 
mere factorisation: 

(5.3) 

where the subscripts mand b refer to mortar and brick respectively. Aging is not consid
ered, despite evidence of masonry compressive creep aging (Shrive et al. 1997). 

As outlined in Van Zijl (1999), the shrinkage strain is related to the pore humidity by the 
shrinkage coefficient (as) in an incremental fashion: 

dês = as (P - ru) dh (5.4) 



5.3 Model parameters: mechanical behaviour 21 

wh ere 

(5.5) 
r 

P provides for different free shrinkage coefficients in orthogonal directions, and r provides 
for the orthotropic normal stress-dependence of shrinkage. The coefficients which reflect 
the apparent stress-dependence of shrinkage, r, should be determined by performing si
multaneous drying creep, basic creep and tree shrinkage tests. The discrepancy between 
drying creep on the one hand and the superposition of basic creep and free shrinkage on 
the ot her hand, quantifies r. In the absence of such data, these coefficients are set to zero. 

The measurement of true shrinkage, i.e. the volume reduction of a material element at 
zero stress, is virtually impossible, hampered by the slow drying process in cementitious 
materials which causes humidity gradients, eigenstresses and cracking. Therefore, direct 
determination of the shrinkage coefficient is hardly possible. Furthermore, tests by Al
vatedo et al. (1995) indicate that for cement paste of various waterjcement (w jc) ratios, 
the coefficient depends on the relative humidity, as will be discussed in detail in section 
5.9.2. As a first approach constant shrinkage coefficients are assumed. If, in addition, one 
ignores the influences of cracking and stress-dependence of shrinkage (r = 0 in eq. 5.4), 
the coefficients can be estimated from the "fin al" shriilkage strain (c~). This is done by 
solving the differential equation (5.4) with initial condition Cs (0) = 0: 

(5.6) 

and substituting the "fin al" shrinkage strain (c~) and environmental humidity (hE) as 
follows: 

(5.7) 

The shrinkage parameters calculated in this manner are listed in Table 5.3. Note that, due 
to the absence of separate shrinkage data for the mort ar and the bricks, the coefficients 
derived from the masonry data are assumed and employed for each constituent in the 
discrete analyses. 
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specimen Cls Px Py Pz 
large block 0.000525 1.0 1.2 1.0 

WF 0.0007 1.0 1.08 1.0 

Table 5.3: Shrinkage coefficients derived from final shrinkage strain values of masonry 
shrinkage specimens. 

5.4 Spatial and time discretisation 

It is well known that care should be taken with spatial and time discretisation, with regard 
to the numerical solution of both the diffusion equation and mechanical behaviour. To 
avoid numerical overshoot of the pore humidity, time steps should be not too small, while 
the elements should be small close to surface and other phase boundaries. At the same 
time step sizes should be limited to avoid large humidity-time gradients. Here, time steps 
were chosen to restrict increments in humidity to ~ h ~ 0.025. This gives time steps 

for the diffusion analyses of one half hour initially and up to 20 days towards the end of 
the test period (200-300 days). For the mechanical analyses the time steps are roughly 
one quarter of those for the diffusion analyses to ensure accuracy and avoid convergence 
problems. In Appendix D the issue of overshoot is illustrated. 

The spatial discretisation is equally' important. The overshoot is attenuated by a too 
coarse mesh. The non-smoothness of the diffusion equation coefficients contributes to 
the requirement for dense FE meshes, as is illustrated in Appendix B. Furthermore, by 
intelligent discretisation in areas of large shrinkage strain gradients, i.e. in the thickness 
direction, the gradient per element can be minimised, ensuring the most accurate repre
sentation of the stress and strain fields for a given mesh density. This is illustrated by 
Figure 5.4, where the pore humidity evolution is shown at points through the specimen 
thickness for uniform, Figure 5.4a, and nonuniform discretization, Figure 5.4b, through 
the thickness. In the nonuniform case element sizes in the thicKness direct ion increase 
with a factor two from the surface inwards. 

5.5 Boundary conditions and initial values 

The experiments were conducted at a controlled climate of 50% humidity and 20°C. For 
a zero air flow velocity a surface convection transfer coefficient (2 .12) of (3 = 0.025 si {lm 

is appropriate (Tammes and Vos 1984) . This gives a film coefficient of: 

(3 (3* Ps 0.025.10-
6 

X 2338 0058 I 5 Id = -- = =. {lm s or mm ay 
PI 1000 

The calcium silicate bricks and elements were pre-wetted to a moisture content of between 
6% and 8% by mass, according to standard building procedure for this material (Van der 
Pluijm and Wubs 1996). The total weight was measured at each time of shrinkage and 
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Figure 5.4: Humidity evolution at points through the masonry specimen thickness for (a) 
uniform and (b) nonuniform spatial discretisation in the thickness direction. 

creep strain measurement. Af ter the experiments the dry weight of the specimens was 
measured, enabling the average moisture content at any time during the experiment to 
be calculated. In this manner the initial moisture content in the large block and WF 
specimens was calculated to be 6.5% and 8.0% respectively. To convert the initial moisture 
content to initial pore humidity two assumptions need to be made. Firstly, the interfaces 
between brick and mortar are assumed to be hydraulically perfect, meaning that the 
pore humidity is continuous across them. Secondly, the pore humidity is assumed to be 
uniform initially in the mortar and bricks in each specimen. This initial value can then 
be calculated which, by considering the respective hygroscopic curves, corresponds with 
the total initial moisture content. This calculation leads to ho = 0.96 for the large block 
specimen (KZE) and ho = 1.0 for the WF specimen (KZB). 
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5.6 Results: Calcium silicate element (KZE) specimen 

Figure 5.5a-d show the numerical pore humidity contours at various stages of drying of 
the KZE specimen. Good agreement is obtained with the measured moisture content in 
time, Figure 5.5e. 

By inspection of the humidity contours, it can be seen that the exposed surface is nearly 
in equilibrium with the environment af ter one day. However, due to the low diffusivity 
the bulk of the specimen remains saturated, causing large gradients through the depth, 
especially close to the exposed surface. The gradients gradually reduce until equilibrium 
is reached with the environment af ter about 100 days of drying. 

Figures 5.6a-d show the maximum principal eigenstresses accompanying the hygral gra
dients in the free drying specimen. In the early stages high tensile stresses occur at the 
surface, causing initiation of debonding. The brick strength (2 MPa) is also slightly ex
ceeded in the brick faces, so that some drying cracks could initiate and grow there, but 

this fact is ignored in our modelling strategy. As time passes the peak stresses reduce 

along with the hygral gradients until a virtually (eigen)stress-free state is reached af ter 
100 days. Note that the deformations have been scaled up by a factor of 1000. The 
maximum crack width is in the order of 7J-lm, reached af ter ten days. 

Figure 5.6e shows that reasonable agreement is obtaine<;i between the measured and nu
merical average strains in the gauge length in the x direcÜon, as weIl as in the y direction. 
The dashed line shows the numerical result if the debonding at the interfaces is not mod
elled. 

When a vertical (y-direction) compressive creep pressure of -2.5 N/mm2 is applied simul
taneously in order to simulate the drying creep experiment, the tensile eigenstresses are 
offset sufficiently to prevent cracking. In Figure 5.7 the numerical drying and basic creep 
strains are compared with the experimental data. The basic creep is obtained by sub
tracting the free shrinkage strain, Figure 5.6e, from the total strain in the gauge length 
on the drying creep specimen. Note that the creep experiments were only performed in 
the y-direction. 
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Figure 5.5: (a-d) Pore humidity contours and (e) moisture content (% by mass) evolution 
in drying single joint calcium silicate (KZE) specimen. 
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Figure 5.6: (a-d) Contours of maximum principal stress and (e) total strain in the gauge 
length in free drying single joint calcium silicate (KZE) specimen. 
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Figure 5.7: KZE drying and basic creep response. 



28 5 SIMULATION OF MASONRY GREEP AND SHRINKAGE EXPERIMENTS 

5.7 Results: Calcium silicate brick (KZB) specimen 

5.7.1 Assumed moisture migration parameters 

It is well known that the calcium silicate elements and WF bricks exhibit quite different 
behaviour (Van der Pluijm and Wubs 1996). In the above section it was shown that 
the parameters taken from Pel (1995) give reasonable agreement with the KZE measured 

moisture loss and shrinkage response. This is not so for the WF specimen. Having no 
experimental data for WF specimen specifically, the Pel (1995) parameters were modified 
to obtain better agreement. Firstly, the desorption curve was adjusted, Figure 5.8a, to 
give the same residu al moisture content (2% by mass) in the KZB specimen at the envi
ronmental humidity (50%) as measured by Van der Pluijm and Wubs (1995) . Secondly, 
the diffusion coefficient was taken as one tenth of the measured value, Figure 5.8b, to 
simulate the drying rate better. 
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Figure 5.8: Assumed (a) desorption curve and (b) diffusion coefficient for the calcium 
silicate WF specimen. 

5.7.2 KZB results for the assumed moisture migration parameters 

Figure 5.ge shows the measured moisture contents and those found with and without the 
above adjustments. It must be stressed that these modifications were made simply to fit 
the measured drying response bet ter. They do not exhaust the possible differences in the 
comprising materials of the KZE and KZB specimens. 

Also shown in Figure 5.9 are the pore humidity profiles at various stages of drying. Af
ter one day large gradients exist through the depth close to the exposed surface. Large 
humidity gradients also occur between the mort ar and bricks, due to the different hygro
scopic relations of the two constituents. Because of the higher diffusivity, the mortar dries 
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quicker than the bricks, yet the pore humidity in the mort ar reduces at a lower rate. The 
gradients reduce until equilibrium is reached with the environment af ter about 100 days 
of drying. 

Figures 5.10a-d show the maximum principal eigenstresses accompanying the hygral gra
dients. In the early stages high tensile stress es occur at the surface, causing initiation of 
debonding. The brick strength (2 MPa) is also slightly exceeded in the brick faces , so 
that drying cracks could develop there, but this fact is ignored in our modeUing strategy. 
As time passes the peak stresses reduce along with the hygral gradients until a virtuaUy 
(eigen) stress-free state af ter 100 days. Note that the deformations have been scaled up 
by a factor of 500. The maximum crack width is in the order of 7/lm, reached af ter ten 
days. 

Figure 5.10e shows that reasonable agreement is obtained between the measured and 
numerical average strains in the gauge length in the x direction, as weU as in the y 
direction. If the debonding at the interfaces is not included in the model, a significantly 
larger shrinkage, the dashed line in Figure 5.lOe, is obtained in the y direction, wh ere 3 
delaminating interfaces are included in the gauge length. As the shrinkage parameters 
have been estimated ignoring the influence of cracking, the uncracked numerical response 
represents the experimental response weU. 

The response to the 2.5 N/mm2 compressive creep load is shown in Figure 5.11, where 
the deformations have been scaled up with a factor of 375. Splitting is initiated along 
the vertical interfaces in response to the èreep load, which is assumed to be applied 
linearly over a period of 5 minutes. Subsequently the superimposed eigenstresses cause 
the splitting cracks to open wider, while the debonding along the horizont al interfaces 
seen in the case of the free drying KZB specimen is prevented by the compressive creep 
load. The basic creep strains are obtained by subtracting the free shrinkage strain, Figure 
5.10e, from the total strain in the gauge length on the drying creep specimen, Figure 
5.11e. 
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Figure 5.9: (a-d) Pore humidity contours and (e) moisture content (% by mass) evolution 
in drying WF calcium silicate (KZB) specimen. 
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Figure 5.10: (a-d) Contours of maximum principal stress and (e) total strain in the gauge 
length in free drying WF calcium silicate (KZB) specimen. 
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Figure 5.11: (a-d) Contours of maximum principal stress in KZB drying creep specimen. 
(e) Total strain (y direction) in the gauge length in KZB creep specimen subjected to 
shrinkage (drying creep) and with free shrinkage subtracted (basic creep) . 
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5.8 Mesh objectivity 

The free shrinkage KZB specimen was analysed with the three meshes shown in Figure 
5.12. 

The global behaviour, as refiectedby tot al moisture content (by mass) and total strain, as 
ca1culated from the total displacement at the gauge point at the surface, see for example 
Figure 5.11e, is shown in Figure 5.13. The response converges with mesh refinement. 

Furthermore, oscillating stress fields may occur when employing the same interpolation 
order for pore humidity and displacement, as was done in the above analyses. This is 
because the linear shrinkage strain variation in each eight-noded brick element obtained 
from the diffusion analysis, has to be represented by the constant strain capacity of th is 
element in the mechanical analysis. However, in the three-dimensional analyses performed 
here, equal-order interpolation of pore humidity and displacements produces compatible 
strain fields in the orthogonal directions. For instance, the normal strain component Ex 

is constant in the x-direction, but linear in the orthogonal directions in the eight-noded 
brick. To verify that a multi-dimensional analysis with equal-order interpolation does 
indeed cause less pronounced disturbance in the stress fields, the KZB free shrinkage case 
was re-analysed with mesh 2, but employing twenty-noded bricks. In terms of countours 
of principle stresses no significant difference between the linear element and quadratic 
element results was found. A more detailed study of stress component fields should be 
performed to investigate the existence and extent of stress oscillations. However, the 
global deformational response matched the eight-noded mesh 2 response, Figure 5.12, 
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Figure 5.12: Finite element mes hes employed to investigate mesh objectivity of the nu
merical simulation of the KZB shrinkage specimen. 
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with an insignificant improvement in the early stages. To avoid excessive computational 

effort mesh 2 with eight-noded elements has been employed for all the KZB analyses 
reported. 
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Figure 5.13: (a) Moisture content (by mass) and (b) total strain in the gauge length fOf 

the three meshes employed, Figure 5.12. 



5.9 Sensitivity study 35 

5.9 Sensitivity study 

Having only experimental data on the meso-scale available for estimation of the model 
parameters, some quantification of the sensitivity to the estimation error is required. 

5.9.1 Moisture content dependence on surface convection coefficient 

The film coefficient f3 is dependent mostlyon wind speed and surface roughness. As 
mentioned in section 5.2 a coefficient of 5mm/day was assumed to simulate the zero wind 
velo city in the experimental environment. To evaluate the sensitivity to this parameter, 
two extreme cases were analysed additionally, namely for f3 = 0.5 and f3 = 00 mm/day. 
The infinite film coefficient is modelled by setting the surface humidity equal to the 
environment al humidity. In Figure 5.14 the evolution of the total moisture content by 
percentage of mass is shown for the three cases. The global drying response is clearly 
insensitive to the film coefficient, but, as shown in Appendix D, a finite value sufficiently 
slows down surface drying to prevent overshoot near the surface. 
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Figure 5.14: Influence of surface convection coefficient on masonry moisture content. 
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5.9.2 Shrinkage coefficient dependenee on humidity 

As discussed in section 5.3, a constant coefficient of shrinkage as was estimated fr om the 
"fin al" shrinkage strain obtained from the drying tests. However, astrong dependence on 
the relative humidity has been reported by Alvaredo et al. (1995) . Their tests indicate 
that for cement pastes of various water I cement (w Ic) ratios, the coefficient depends on 
the relative humidity, as summarised in Table 5.4. To study the sensitivity of masonry 

w/c=O.4 w/c = 0.5 
0.75 < h < 1.00 1.5 2.3 
0.60 < h ~ 0.75 
0.45 < h ~ 0.60 

0.7 
0.1 

0.2 
0.5 

Table 5.4: Shrinkage coefficients derived from final shrinkage values of cement pastes at 
different environmental humidities (Alvaredo et al 1995). 

shrinkage to the variation of as with humidity, also a linear and a parabolic relation have 
been employed. The relations reflect the "final" shrinkage strain, as derived from: 

with 

J isdt = J Qs(h)hdt + constant (5.8) 

a 

as(h) = ah :::} a= 

COC s 
hE - ho 

2c~ 

h~ - h~ 

3c~ 

h=J,; - h~ 

(5 .9) 

Figure 5.15 shows th at better agreement is obtained with the measured shrinkage when 
considering humidity dependence of the shrinkage coefficient. 
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Figure 5.15: Influence of shrinkage coefficient dependence on humidity on free shrinkage. 
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5.9.3 Pickett effect 

No experiment al data is available from which the shrinkage stress-dependence coefficients 
rx , ry and rz in eq. (5 .5) can be estimated. As discussed by Van Zijl (1999), they have 
been shown to be in the range 0.2/ ft :S ri :S 0.8/ ft. The KZE specimen was re-analysed 
for the two extreme, isotropie cases. Figure 5.16a shows the free shrinkage strain distri
bution through the thickness at the gauge point af ter 30 and 120 days of drying. The 
corresponding vertical stress components are shown in Figure 5.16b, revealing a relax

ation effect of the stress-dependence coefficient. Wh ere as cracking is expected also in the 

blocks and bricks for rdt = 0 (sections 5.6, 5.7.2), the maximum coefficient (rdt = 0.8) 
reduces the stress es to within the calcium silicate block and the WF brick tensile strength. 
However , it has only an insignificant infiuence on the observed strain of both the free dry
ing KZE and KZB specimens. Wh en the creep load acts, a significant infiuence is seen, 
Figure 5.17. The total compressive strain is increased by up to 30%, which means that, if 
such a dependence does exist , the experimentally measured basic creep is over estimated, 
because it contains the stress-dependent shrinkage strain component not refiected by the 
free shrinkage. Only by testing similar, but non-drying creep specimens the error can be 
quantified. 
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Figure 5. 16: (a) "Free" shrinkage evolution and (b) stress distribution through the thick
ness at the gauge point in the KZE specimen. 
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Figure 5.17: Illustration of Pickett-effect in (a) KZE and (b) KZB creep specimen. 
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5.9.4 Creepjrelaxation 

A variation in the creep modelled is obviously directly translated into increased or de
creased total deformation in creep analyses. However, if the free shrinkage response is 
sensitive to the assumed creep parameters, an inverse process of parameter determination 
becomes more difficult. To investigate this sensitivity, both KZE and KZE specimens were 
re-analysed with no bulk creep. The case of r = 0, i.e. zero Pickett effect, was analysed. 
Figure 5.18 shows the influence of bulk creep on the free drying shrinkage. If bulk creep 
is included in the model, a sigp-ificantly larger total vertical deformation is found at the 
gauge point( KZE +3%, KZB +9%), but a decrease in maximum crack width (KZB, from 
8.7f.lm to 7.5f.lm). AIso, the maximum principal stress is relaxed by up to 20% in KZE 
and 12% in KZB. 
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Figure 5.18: Influence of bulk creep on (a) KZE and (b) KZB masonry tree shrinkage. 

5.10 Discussion 

From the numerical results presented in the above sections it is clear that the model 
parameters for time dependent behaviour cannot be derived directly from the available 
experimental data. The good agreement obtained with the measured moisture loss in 
the KZE specimen can be considered as coincidental, because the moisture migration 
parameters were obtained from measurements by a different research group on sand-lime 
material not unlike the blocks in the KZE specimens, but probably subjected to a different 
manufacturing process. This argument is strengthened by the large difference in moisture 
loss evolution found for the KZB specimen when employing the same (KZE) diffusion and 
hygroscopic parameters. Experimental determination of these material parameters for the 
block and WF calcium silicate units are necessary. AIso, the moisture migration in the 
mortar taken from KZE and KZB type specimens should be characterised experimentally, 
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because, although exactly the same mortar is used for manufacturing KZE and KZB, the 
units strongly influence the properties of the cured mortar. 

With regards to the mechanical behaviour, the difficulty in deriving the material param
eters from the experimental data is due to the tests being on the meso-scale and, even 
more importantly, not carefully designed to distinguish between the various mechanisms. 
No in format ion about stress-induced shrinkage (r) can be derived from the data. It has 
been argued in section 5.9.3 that this leads to an over estimation of the basic creep if de
rived by subtracting the free shrinkage strain from the (compressive) drying creep. This 
is illustrated in Figure 5.19. Note that, for the purpose of illustration, the lower limit of 
r = 0.2/ ft published for concrete has been employed to analyse the drying creep response. 
The stress-induced shrinkage should be subtracted to obtain a better estimate of the basic 
creep. 

An additional source of error is also unveiled in the figure . Cracking reduces the material 
(stress-free) shrinkage in the free drying specimen, but does not occur in the creep spec
imen, the tensile stresses being offset sufficiently by the creep load. This effect should 
also be quantified to derive the basic creep. It can be done numerically by comparing 
the numerical results of the free shrinkage specimen with the response if the cracking 
criterion is ignored, i.e. no cracking is modelled. However, also in these analyses the basic 
creep modelled influences the response significantly, Figure 5.18 section 5.9.4, calling for 
an inverse approach. 

Two alternative ways can be followed to find better approximations of the model pa
rameters. The first involves an iterative numerical approach of adjustment of the model 
parameters and re-analysis until a satisfactory agreement between the numerical and ex
perimental results has been obtained. In the above sections only the first iteration has 
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Figure 5.19: Determination of basic creep for (a) KZE and (b) KZB masonry. 
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been done. The second iteration would involve select ion of: 

• an increased shrinkage coefficient to allow for the reduction of the free shrinkage 
strain caused by cracking, 

• smaller bulk creep, by selecting increased stiffnesses for the Maxwell elements, to 
allow for stress-induced shrinkage in the drying creep specimen and cracking in the · 
free shrinkage specimen. 

However, information about the stress-dependence of the shrinkage is lacking. AIso, the 
moisture migration in the different comprising materials must be characterised, calling 
for a new set of experiments. This causes the second approach, a carefully designed 
experimental program, which addresses all known mechanisms, to be favoured. Such a 
program is proposed in Chapter 6. 

Here, tensile creep is of importance. In tensile creep tests cracking may occur in all 
three specimens (the free shrinkage, basic creep and drying creep specimens), but to a 
varying degree. It is possible to design the experiments and specimens to avoid cracking 
in the gauge area, as discussed in Chapter 6. Bazant and Xi (1993) have proposed 
bending experiments from which results the contribution of cracking can be distinguished. 
However, bending tests introduce additional difficulties, especially when dealing with 
masonry. 
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Chapter 6 

EXPERIMENTAL PROGRAM: PROPOSAL 

A smal! amount of data exists for characterisation of creep and shrinkage of masonry. 
As described in chapter 5, some parameters required to model these phenomena can be 
estimated from the existing data. However, to strive at accurately pin-pointing individu al 
parameters included in the numerical model described in this report and the accompanying 
report (Van Zijl 1999) , better and more discriminating experiments are needed. For 
instance, no data exists for estimating the influence of stress on the shrinkage, having 
received little attention by masonry researchers up to now. AIso, the major masonry 
experimental focus has been on compressive creep. Tensile creep, a major role player in 
restraint of masonry shrinkage, wil! be studied here. 

In this chapter a propos al for an experimental program is given to obtain specific data 
for characterisation of creep and shrinkage in typical Dutch masonry, Table 6.1. The 
details of the grading, preparation and application of the constituent materiais, as wel! as 
the masonry fabrication procedures, are to be as described by Van der Pluijm and Wubs 
(1996) and wil! not be repeated here. 

Combination Brick/block type Joint type 

1 Calcium silicate brick 12 mm 1:1:6 mortar 

2 thin layer Calsifix glue 

3 Calcium silicate block 12 mm 1:1:6 mortar 

4 thin layer Calsifix glue 

5 Fired-clay brick 12 mm Bearnix 316 mort ar 

6 thin layer mort ar Ankerplast 

7 Concrete brick 12 mm Bearnix 312 mort ar 

8 thin layer mort ar C62 

Table 6.1: Typical Dutch masonry types to be tested. 

43 
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Measurements on small specimens are described, sections 6.1 and 6.2, designed to minimise 
coupling between effects and thus to ensure objective derivation of model parameters . 

Simultaneously, larger specimen should be subjected to drying and creep loads for eventual 

verification of the parameters and validation of themodelling approach, section 6.3. The 
reason for simultaneous testing of small and large scale specimens is, apart from saving 
time, to have the opportunity of fabricating all specimens by the same laborants, under 
the same circumstances and of "identical" ingredients, delivered from the same batches. 

6.1 Moisture migration 

The parameters required for analysing the moisture migration in masonry are the dif
fusivity coefficient D(fJ) and the hygroscopic relation fJ(h). The former can be derived 
from the moisture profiles in one-dimensional wetting (absorption) and drying (desorp
tion) tests on specimen of masonry constituents taken from cured masonry specimens by 

boring. Taking the samples from masonry ensures inclusion of synergy effects, for instanee 

the microscopie change in the porosity of the mort ar in the interface region due to fine 
particles transported by migrating moisture to and clogging the pores in this area, leading 
to lower mortar diffusivity. Nuclear Magnetic Resonance (NMR) provides a suitable way 
of measuring the moisture profiles, as described in detail by Pel (1995), section 4.2. The 
hygroscopic relation must be established by absorption and desorption tests of similar 
masonry constituent specimens at different levels of relative humidity, each time allowing 

enough time for equilibrium to be reached at the particular climate. 

6.1.1 Moisture diffusivity 

NMR measurement of moisture content profiles in drying brickjblock specimens (type 
1, Figure 6.1), mort ar taken from the particular masonry combination (type 2), as weIl 
as thin layer joints taken fr om the particular masonry combination (type 3) is to be 
performed. The sample types are summarised in Figure 6.1. As the same masonry types 
are to be tested for the mechanical parameters (section 6.2), the samples must be taken 
from the same wall parts. Extra specimens of the type proposed for the validating creep 
and shrinkage experiments on wall parts in section 6.3 are proposed for this purpose. 

The thin layer joints, a relatively modern trend in the building industry in The Nether
lands, present a problem for sampling, being less than 3 mm thick. Therefore, a 2-
constituent sample (type 3) is suggested for these combinations. As indicated, the type 1 
specimens should be taken from the bricks/blocks in each orthogonal direction in order to 
capture orthotropy. Each entry in the last 3 columns of the table in Figure 6.1 represents 
a NMR test with upper air flow of relative humidity (RH) 50% at 20°C, Figure 6.2. The 
tests are to be repeated for absorption in a si mil ar set-up, but with a constant moisture 
supply to one end, instead of the drying air flow in the desorption experiment shown. 



6.1 Moisture migration 

Type 1: 8ricklblock specimen =:3 L
TYpe 2: 12mm mortar specimen 

tJ ~-~} ""êfT' 
Type and drilling direction Figure 6.1 

L-dir H-dir D-dir 

Specimen with 12 mm joint Brickjblock Type 1 Type 1 Type 1 

mortar Type 2 

Specimen with thin layer joint Combination Type 3 

Figure 6.1: Specimen for NMR measurement 

sealed", 

l-dimensional 
drying test 

Figure 6.2: One-dimensional drying test for NMR measurement 
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To capture the statistical scatter for sampling, testing and material properties, at least 
three of each specimen should be prepared and tested. 

6.1.2 Hygroscopic curves 

Both sorption and desorption tests at 20°C are to be performed on each of the type 1 anel 
2 specimens in Figure 6.1 for at least ni ne nearly equally spaced humidity levels across 
the whole range of 0-100%, say with 10% intervals. To capture the statistical scatter for 
sampling, testing and material properties, at least three samples of each specimen should 

be prepared and tested. 

6.1.3 Shrinkage coefficient 

The volumetric change of the specimens used for determining the hygroscopic relations 
must be monitored, This enables the determination of the shrinkage coefficient as function 

of humidity <Xs(h). Furthermore, as these specimens are reasonably thin, small hygral 

gradients and thus little or no cracking is expected, enabling the true material shrinkage 
coefficient to be determined. Having sampled the specimens from the three orthogonal 
directions in the units, information is available on the orthotropy of the material shrinkage. 

By assuming the final shrinkage strains published by Van der Pluijm and Wubs (1996) for 
similar masonry, but for large wall parts (~ 450 mm x 450 mm x lOmm thick) shrinking 

at 20°C and RH 50% to be the material shrinkage at this climate, the axial shrinkage 
deformations for the types 1-3 specimens, Figure 6.1, can be estimated, Table 6.2. They 
serve as a guide for a choice of a suitable measuring device to ensure acceptable measuring 
accuracy. Note that the clay brick specimens of Van der Pluijm and Wubs (1996) were dry 
initially, causing subsequent swelling. No information thus exists from which to estimate 
the shrinkage in these specimens. Furthermore, the deformations will be fractions of those 
in the tabie, as the specimens will be subjected to sm all humidity changes at a time (10%, 
section 6.1.2), causing smaller volumetric changes per increment. The difference in the 
initial pore humidity and the environment al humidity in Van der Pluijm's experiments 
was up to RH 50%. 

é OO 

• flL. (JLm) 
(Van der Pluijm 1996) Type 1 Type 2 Type 3 

1 -0.00035 8.8 4.2 

2 -0.00032 8.0 

3 -0.00030 7.5 3.6 

4 -0.00030 7.5 

7 -0.00020 5.0 2.4 

8 -0.00020 5.0 

Table 6.2: Estimate of the gauge length final shrinkage deformation (flLs) . 
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6.2 Parameters of mechanical behaviour 

As described in this report, section 5.3, and in the accompanying report Van Zijl (1999), 
many parameters are needed for the description of the mechanical response of masonry. 
However, much work has been done to characterise these parameters (Van der Pluijm and 
Vermeltfoort 1991 , van der Pluijm 1992, Van Zijl 1996, Van Zijl et al. 1997). Tensile 
bond tests according to Van der Pluijm and Vermeltfoort (1991) must be performed 
on specimens of each masonry combination (Table 6.1). This parameter will suffice to 
estimate the remaining parameters with reasonable accuracy. In this section tests on 
small specimens are des cri bed for the determination of the parameters describing the 
time dependent mechanical behaviour of shrinkage and creep. The tests are designed 
to distinguish between the mechanisms captured by the numerical model described in 
this report. Drying creep, basic creep and free shrinkage are to be measured on separate 
specimens of the same type. In this manner the basic creep is established directly, allowing 
the stress-induced shrinkage to be derived accurately. The latter can only be achieved if 
cracking is avoided in the gauge area. This is possible by a careful choice of the shape, 
size and exposure of the specimens. 

6.2.1 Specimen size and shape 

Creep and shrinkage tests are to be performed on specimens with (type 1) and without a 
mort ar joint (type 2) bored from masonry of each combination in Table 6.1 in accordance 
with Figure 6.3. By comparison of the responses of the two specimens of each type, 
parameters can be derived for describing the mortar behaviour. 

I' 1;:::1 'I~ 
10 • • ) 

40~ 
2() • TI • ) 

T 

Figure 6.3: Masonry creep and shrinkage specimens. 
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6.2.2 Specimen types and fabrication 

Specimens of each type in Figure 6.3 are to be bored from wall parts of each masonry 
type in Table 6.1. The same, or similar wall parts as those from which the specimens for 
measuring the moisture migration parameters are taken, section 6.1, should be used for 
this purpose. The proposed scheme of free shrinkage, basic and drying creep is shown 
in Figure 6.4. As indicated by hatching, only axial drying is allowed in the gauge area 

to avoid radial hygral and accompanying stress gradients, which may cause cracking. 
However, to compromise with limiting the time until hygral equilibrium is reached, a 
part of the specimens must be exposed that is as large as possible. Preliminary analyses 
indicate that the central 100 mm of each drying specimen should be sealed. 
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Specimen type Specimen type number 
Figure 6.3 Free shrinkage Basic creep Drying creep S trength test 
Type 1 (i) (ii) (iii) (iii) 
Type 2 (i) (ii) (iii) (iii) 

Figure 6.4: Creep and shrinkage measurement scheme. 

To capture the statistical scatter for sampling, testing and material properties, at least 
three samples of each specimen should be prepared and tested. 

The constituent materials, preparation and fabrication procedures should be as described 
by Van der Pluijm and Wubs (1996). 



6.2 Parameters of mechanical behaviour 49 

6.2.3 Experimental set-up and procedure 

At a curing age of 14 days, when the wall parts of section 6.3 are weighed and fitted 
with platens and gauge points, the moisture migration samples (section 6.1) and the 
just discussed creep and shrinkage samples should be taken from similar wall parts built 
specifically for the purpose. 

Care has to be taken and an appropriate boring speed has to be selected to prevent 
damage to the joints. The specimens should be kept moist during the boring process and 
afterwards stored in an environment of 20°C and close to RH 100% (say RH 95%) until 
equilibrium is reached at this climate. The latter is ascertained by monitoring the weight 
until stabilisation. This procedure is required to 

1) prevent cracking due to drying to a lower moisture content than at fabrication and 
2) to ensure a known initial condition for the numerical simulation. 

Once hygral equilibrium has been reached the gauge points and the connections for apply
ing the creep load are to be glued into position with HBM X-60 (Van der Pluijm 1992). 
The gauge areas of the free drying and drying creep specimens must then be covered with 
a bituminous layer. Note that the free ends of the free drying specimens must also be 
sealed to ensure similar drying as in the case of the drying creep specimens. Subsequently 
all specimens must be wrapped in plastic and kept in the 20°C, RH 95% climate until 
their testing time. 

The strength tests, column 5 in the table in Figure 6.4, should be performed first to 
determine the peak strength. Next, the creep specimens are to placed in the creep frames , 
taking care to only partially unwrap the plastic cover for handling and connection to 
avoid exposure. Once in place, the plastic cover is to be unwrapped before, with no time 
loss, application of the load. The creep load must be approximately one third of the peak 
strength, applied carefully, i.e. quasi-statically in several (say 5) equal steps, over a period 
of 5 minutes. The deformation must then be measured without delay to avoid bias of the 
initial, elastic deformation by significant creep deformation. To ensure similar procedures 
and human influence, one specimen should be set-up at a time in the sequence of 1) the 
sealed creep specimen, 2) the drying creep specimen and 3) the free shrinkage specimen. 
This sequence is to be kept for all subsequent measurements to ensure coinciding exposure 
times. Note that the creep load must be applied vertically to avoid bending effects. 

6.2.4 Measurements 

The measurements are to be taken between the gauge points indicated on Figure 6.3, both 
on the front and the back sides of each specimen. The deformations should be measured 
at specific times carefully chosen for proper characterisation also in the regions of great 
nonlinearity of the shrinkage/creep evolutions. A schedule of such times is proposed in 
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Table 6.3: Proposed time schedule for creep and shrinkage measurements. 

Table 6.3. Small deformations, probably measured with no great accuracy, are expected 
at the early measurements, but should be performed, because they may provide valuable 
early age information at little extra cost. The first measurement is immediately af ter the 
total creep load has been applied, i.e. about 5 minutes af ter starting application of the load 
and drying. Note that also the free shrinkage specimen deformations measurement should 
be done according to this schedule. The slight discrepancy in creep time is acceptable. If 
the creep specimens are unwrapped only af ter load application, they may be damaged in 
the process. 

The weight of the free shrinkage specimens must be measured at the same times for 
verification of the moisture migration analyses. 

6.2.5 Estimates of load levels and deformations 

A preliminary estimate of the peak loads and elastic, shrinkage and creep deformations is 
given in Table 6.4 for each specimen combination. With this knowledge and for a given 
requirement of measurement accuracy the measuring device can be chosen. 

The deformations given in the table are based on one third of the lowest peak load of 
each masonry combination. This means that the same creep load must be applied to 
all specimens of the same combination, as the parameters for each constituent must be 
derived from the response of both types 1 and 2 specimens. The parameters used for 
the estimations are based on average values taken from Van der Pluijm and Vermeltfoort 

Eb Ej fb Ii Fp (N) f1Le (/lm) f1Lcr (/lm) f1L. 

MPa MPa MPa MPa Type1 Type2 Type1 Type2 Type1 Type2 /lm 

1 11500 3300 2.0 0.1 2510 125 0.23 0.32 0.10 0.37 -28 

2 11500 2.0 2510 2510 4.63 4.63 2.09 3.70 -28 

3 11500 3300 2.0 0.1 2510 125 0.23 0.32 0.10 0.37 -24 

4 11500 2.0 2510 2510 4.63 4.63 2.09 3.70 -24 

5 16700 7700 2.0 0.6 2510 750 0.96 1.13 1.07 +8 

6 16700 2.0 2510 2510 3.19 3.19 1.20 +8 

7 17000 10350 2.0 0.7 2510 880 1.10 1.60 2.17 -16 

8 17000 2.0 2510 2510 3.14 3.14 5.65 -16 

Table 6.4: Estimate of peak tensile strength, total elastic (flLe) , shrinkage (flLs) and 
creep (flLcr) gauge length deformations in the different masonry combinations. Eb and 
Ej are the brick and mortar moduli of elasticity respectively, f b and fj the brick and 
interface tensile strengths. 
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(1991), Van der Pluijm (1992), Van der Pluijm and Wubs (1996). For type 1 specimens 

failure will occur in the brick, while failure in the brick/mortar interface is assumed for 
the type 2 specimens with the thick (12 mm) joints. The thin layer joints are mostly so 
strong that brick failure is expected in all the specimens of combinations 2, 4, 6 and 8. 

The shrinkage and creep deformations are calculated from the shrinkage and compressive 
creep of the wall parts tested by Van der Pluijm (1996), built of the same combinations 
and exposed to the same climate as proposed for testing here. Note that these wall parts 
were built according to standard building procedure in The Netherlands. Therefore, the 
calcium silicate units were initially moisturised up to a level coinciding with RH ~ 100% 
to ensure good bonding. This is also the initial condition proposed here, section 6.2.3. 
However, the clay bricks were dry at the time of manufacturing the walls, causing the 
swelling once they were exposed to the particular climate. Unfortunately, no d~ta is 
available for estimating the shrinkage of these specimens when drying from RH 95% to 
RH 50%. 

The creep deformation is based on creep experiments in compression, but scaled according 
to the lower (tensile) creep load. It can be se en that the creep is of an order lower than 
the shrinkage strain. 

The increments in deformations between times of measurement according to Table 6.3 
will be fractions of the total values, especially in the very early stages, calling for a 
measurement resolution of tens of nanometers. 

6.2.6 Exposure to avoid cracking ánd excessive drying time 

It has been stressed several times th at cracking must be avoided within the gauge length 
to enable objective determination of the basic creep and the stress-induced shrinkage 
parameters. By numerical analyses of the moisture migration and the subsequent me
chanical response of the specimens, Figure 6.3, the time until hygral equilibrium with the 
testing environment and thus the "final" shrinkage, can be estimated. For this purpose 
{he combination 1 and 3, Table 6.1, specimens are analysed here, employing the hygral 
and mechanical parameters given in chapter 5. 

For the mechanical analysis visco-elasticity is modelled, but no stress-induced shrinkage, 
which has been shown in section 5.9.3 to be conservative with regard to the stress levels. 
The constant shrinkage coefficients as estimated from experiment al data, section 5.3, 
are employed, as are all the other moisture migration and mechanical model parameters 
described in chapter 5. Figure 6.5a shows the axi-symmetric model for numerical analysis 
schematically. 

For the assumed slow diffusion of the combination 1 specimen, (KZB specimen, section 
5.7.1), it is necessary to expose all but the gauge area to ensure a significant prop ort ion 
of the final shrinkage (~ 75%) to occur within one year, Figure 6.5b, as opposed to only 
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Figure 6.5: Shrinkage evolution of combinations 1 and 3, Table 6.1, showing (a) the 
axi-symmetric model schematically, (b) combination 1 (KZB) and (c) 3 (KZE) shrinkage 
evolutions for two different levels of exposure. 
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50% if the central 100 mm, i.e. an additional 10 mm on each side of the gauge area, is 

sealed. For the higher diffusion rate of the KZE type specimens the final shrinkage is 
reached already af ter about 150 days, Figure 6.5c if the gauge area is sealed. It is recalled 
that the KZB diffusivity coefficient was taken as one tenth of the value derived from the 
NMR measured moisture profiles in drying sand-lime to obtain better agreement with 
the moisture loss evolution in KZB type wall parts of Van der Pluijm and Wubs (1996), 
section 5.7.1,5.7.2. This was not necessary in the case ofthe KZE type wall parts, section 
5.6. As discussed there, both the large elements in the KZE specimen and tha WF bricks 
in the KZB specimens are of calcium silicate (sand-lime), but the different manufacturing 
processes cause them to have quite different properties. This is one of the main reasons 
for proposing the current experiment al program. It is hoped that the WF units exhibit a 
higher diffusion rate than assumed here , enabling the total final shrinkage to be achieved 
within one year. 

For both masonry types nearly axial moisture migration is found numerically in especially 
the lower part of the gauge area, as is confirmed by the low principal stresses in the KZB 
type 1 specimen with the central 100 mm sealed, Figure 6.6. An insignificant difference 
in the stress levels and patterns is found between the types 1 and 2 specimens. The 
price for the increased prop ort ion of the fin al shrinkage achieved in one year by sealing 
only the gauge area, is the nonuniform drying, causing stress gradients with relatively 
high maximum values, Figure 6.7. The brick strength is not exceeded kFax=1.2 MPa). 
However, by superimposing the average stress caused by the tensile creep load, which is 
one third of the bond strength, the bond strength is approached in the joint area. To 
be sure that no cracking will occur, the smaller exposure case should be opted for. In 
stead of extending the drying period, the one year data can be employed for deriving the 
model parameters. In this case a nonuniform axial shrinkage distribution will exist in the 
gauge area, as equilibrium will not have been reached. This will be have to be accounted 
for in deriving the parameters, but th is presents no problem, as with knowledge of the 
true moisture migration and shrinkage coefficients from the first part of the proposed 
experiments, the shrinkage strain distribution can be found numerically. 

For the KZE specimens sealing beyond the gauge area lowers the expected principal 
stresses, Figure 6.8, from the stress es when only the gauge area is sealed, Figure 6.9, 
but without the drawback of the long drying time. Equilibrium will have been reached 
within one year. As for the KZB specimens, insignificant difference in the stress levels 
and patterns is obtained between the type 1 and type 2 specimens. 
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Figure 6.6: KZB type 1 specimen free shrinkage principal stresses. CentrallOO mm sealed. 
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(c) day 40 
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(f) day 320 

(amax =0.05 MPa) 

Figure 6.7: KZB type 1 specimen free shrinkage principal stresses. Only 80 mm gauge 
length sealed. 
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Figure 6.8: KZE type 1 free shrinkage specimen principal stresses. CentrallOO mm sealed. 
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Figure 6.9: KZE type 2 free shrinkage specimen principal stresses. Only 80 mm gauge 
length sealed. 
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6.3 Validation experiments on wall parts 

For the verification of the model parameters derived from the above described experi
ments, as well as for the validation of the modelling strategy, wall parts, Figure 6.10, 
are to be fabricated and tested for creep and shrinkage. Furthermore, the results of such 
measurements provide data for the homogenisation of the two-phase material for more 
elegant and computationally viabie continuum analysis of large masonry structures. Onee 
again, tensile creep is of importance, being a major factor in damage caused by restrained 
shrinkage of masonry walls. 

Thin limed joints: 

WF specimens Block specimens 
450mm 

. -- -- ---. , , 

, , 
.-------e 

I. 250rmv 1 

=
: ------ 7 !]s ~ [SS8: -------: 

I :3 r--- I I • ______ • C""'I • _ _ _____ • 

Figure 6.10: WF and large block specimens for creep and shrinkage measurements. 

6.3.1 Specimen sÎze and shape 

The specimen size, Figure 6.10, is a compromise between a sample that is large enough, 
including several head (vertical) and bed (horizontal) joints in the gauge length to repre
sent in-plane masonry wall behaviour, and that is small enough to restrict experimental 
cost . Due to the relatively low tensile strength, restricting the creep load to one third of 
the peak load, the creep deformations are of an order lower than the shrinkage, requiring 
a gauge length of sufficient size to be able to accurately measure the deformations. This 
requirement is in conflict with the specimen size restriction, forcing measurement to areas 
influenced by boundary conditions. The boundaries of the steelloading plate glued to the 
specimens have thus to be simulated to a sufficient degree of accuracy in the numerical 
analyses. 

The units in the block specimens have to be sawn to the indicated dimensions, Figure 
6.10, from large elements. However, the dim en si ons indicated in Figure 6.10 for the WF 
specimens are average values. The particular dimensions are determined by the prescribed 
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Calcium silicate Fired-clay Concrete 

Length (mm) 214 205 210 
Height (mm) 53 47 50 

Thickness (mm) 102 96 100 

Table 6.5: Brick sizes for determination of wall part dimensions. 

12 and 3 mm joints respectively, and the brick sizes as delivered by the manufacturers. 

An indication of the brick sizes is given in Table 6.5. 

6.3.2 Specimen types and fabrication 

All the masonry combinations and specimens to be prepared and tested are tabulated in 
Figure 6.11. All the masonry types given in Table 6.1 are repeated for clarity, while àlso 
the proposed loading orientations are distinguished. 

Note that, apart from the global strength tests in column 8 and 9 of the tabie, only 
the shrinkage and creep parameters are determined. The ot her mechanical parameters, 
such as bond strength, friction al and dilatancy angle and fracture energies (section 5.3) 
of the masonry combinations of interest have been characterised during the last decade 
(Van der Pluijm and Vermeltfoort 1991, Van der Pluijm 1992, Van Zijl 1996, Van Zijl 
et. al. 1997). Additional tensile bond strength tests on two units joined with a single 
joint (Van der Pluijm 1992), of mort ar or glue, depending on the combination of interest, 
wil! suffice to characterise the other parameters to an acceptable degree of accuracy. If 
budget requirements are strict, the bond strength can be estimated from the wall part 
peak strength obtained from the strength tests in column 8 and 9 of Figure 6.11. 

To capture the statistical scatter for sampling, testing and material properties, at least 
three samples of each specimen should be prepared and tested. 

The constituent materiais, preparation and fabrication procedures should be as described 
by Van der Pluijm and Wubs (1996) . As mentioned before, extra wal! parts of each type 
should be built for sampling the moisture migration specimens, section 6.1, and the small 
creep and shrinkage specimens of section 6.2. 

6.3.3 Experimental set-up and procedure 

Af ter fabrication all specimens should be wrapped up in plastic (Van der Pluijm and 
Wubs 1996) to avoid loss of moisture. Af ter 14 days of curing weight measurement of all 
specimens should be done. Directly thereafter, the load platens and gauge points must be 
glued into position with HBM X-60 (Van der Pluijm 1992). It wil! be necessary to vary the 
glue layer thickness to ensure proper, rectangular positioning of the platens. A maximum 
thickness of 3 mm may not be exceeded, however. The basic creep specimens must then 
be sealed with a bituminous layer. Because the specimens must be unpacked from the 
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Figure 6.11: Masonry wall part creep and shrinkage measurement seheme. 
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plastic for weighing, gluing and sealing, one should be handled at a time to minimise 
the exposure time until re-wrapping. If possible, the specimens should be stored or at 
least handled (weighed and glued) in a climate of RH 95% to mini mise moisture loss. 
A further 14 days of curing should be allowed for development of the maximum bond 
strength, before commencing with the tests. 

For all the tests constant humidity (50%) and temperature (20°C) should be maintained. 
As mentioned before, the Pickett-effect is to be isolated by testing three specimens of each 
type, i.e. a free drying, drying creep and a sealedjbasic creep specimen. These samples 
are shown schematically for WF brick specimen in Figure 6.11 (i)-(iii). To also investi
gate orthotropy, two more, similar specimens (iv & v, Figure 6.11) should be prepared 
and tested as by tensile loading perpendicular to bed joints. Note that the creep loads 
must be applied vertically to avoid the frictional resistance on the lower platen if tested 
horizontally. 

The strength tests, column 8 and 9 in Figure 6.11, should be performed first to find the 
peak strength. Next the creep specimens are to placed in the creep frames , plastic cover 
for handling and connection. Once in place, the plastic cover is to be unwrapped before, 
with no time loss, application of the load. The creep load must be approximately one 
third of the peak strength, applied carefully, i.e. quasi-statically in several (5) equal steps, 
over a period of 5 minutes. The deformation must then be measured without delay to 
avoid bias of the initial, elastic deformation by significant creep deformation. To ensure 
a similar procedure and human infiuence, one specimen should be set-up at a time in 
the sequence of 1) the sealed creep specimen, 2) the drying creep specimen and 3) the 
free shrinkage specimen. This sequence is to be kept for all subsequent measurements to 
ensure coinciding exposure times. 

6.3.4 Measurements 

The measurements have to be taken between the gauge points indicated on Figure 6.10, 
both on the front and back sides of each specimen. The deformations should be measured 
at specific times carefully chosen for proper characterisation also in the regions of great 
nonlinearity of the shrinkagejcreep evolutions. A schedule of such times is proposed in 
Table 6.6. Small deformations, probably measured with no great accuracy are expected 
at the early measurements, but should be performed, because they may provide valuable 
early age information at little extra cost. The first measurement is immediately af ter the 
total creep load has been applied, i.e. about 5 minutes af ter starting application of the load 
and drying. Note that also the free shrinkage specimen deformations measurement should 
be done according to this schedule. The slight discrepancy in creep time is acceptable. 
If the creep specimens are unwrapped only af ter (tensile) load application, they may be 
damaged in the process. 
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Table 6.6: Proposed time schedule for creep and shrinkage measurements. 

Apart from the deformations, the weight of the free shrinkage specimens must be measured 
at these times for verification of the moisture migration analyses. 

6.3.5 Estimates of load levels and deformations 

A preliminary estimate of the peak loads and elastic, shrinkage and creep deformations is 
given here for each specimen combination. With this knowledge and for a given require
ment of measurement accuracy the measuring device can be chosen. The peak strength 
is taken as the minimum of the resisting forces which cause the assumed failure modes 
shown in Figure 6.12. For a creep load of one third of the peak strength, the total elastic 

and creep deformation of the gauge length is estimated by a simple elastic calculation, 
ignoring, for instance, the staggered bond. These estimates are summarised in Table 6.7. 

It is emphasized that the parameters used in Table 6.7 are based on average values taken 
from Van der Pluijm and Vermeltfoort (1991), Van der Pluijm (1992), Van der Pluijm and 
Wubs (1996), as well as educated guesses. The shrinkage deformations are calculated from 
the shrinkage of wall parts (Van der Pluijm and Wubs 1996) of the same combinations 
and exposed to the same climate as proposed for testing here. Note that these wall parts 
were built according to standard building procedure in The Netherlands. Therefore, the 
calcium silicate units are initially moisturised up to a level coinciding with RH ~ 100%. 
This causes the significant shrinkage in these specimens. However, the clay bricks are dry 

ij = joint tensile strength, Lfj = total length of joint failing in tension 

where ib = brick tensile strength, Lf' = totallength of brick failing in tension 

ej = joint cohesion, LCj = total length of joint failing in shear 

t= wall part thickness. 

Figure 6.12: Assumed wall part failure modes. 
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at the time of manufaeturing the walls, eausing the swelling onee they are exposed to the 

partieular c1imate. 

The ereep deformation is based on ere ep experiments in eompression, but sealed aeeord
ing to the lower (tensile) ereep load, assuming proportionality and equal behaviour for 
eompressive and tensile creep. It ean be seen that the creep is one to two orders lower 
than the shrinkage strain, with the smallest values for loading perpendieular to the bed 

joints (eonfiguration ( v) , Figure 6.11). The inerements in deformations between times 
of measurement aeeording to Table 6.6 will be fraetions of the tot al values, espeeially in 
the very early stages, ealling for a measurement resolution in the order of one hundred 
nanometers. 

Type f b 1i ej Fp Eb Ej t::.Le t::.L cr t::.L s 

fig. 6.11 MPa MPa MPa N MPa MPa J.Lm J.Lffi J.Lm 

1 (iii) 2.0 0.1 0.3 22580 11500 3300 4.3 4.8 -87.5 

(v) 4320 1.1 1.2 -92.5 

2 (iii) 2.0 73600 11500 14.5 11.6 -80.0 

(v) 84600 11.6 9.3 -72.0 

3 (iii) 2.0 0.1 0.3 82120 11500 3300 14.5 16.0 -62 .5 

(v) 4500 0.8 0.9 -75 .0 

4 (iii) 2.0 84400 11500 14.8 11.8 -62.5 

(v) 90000 14.5 11.6 -75.0 

5 (iii) 2.0 0.6 0.9 46320 16700 7700 5.8 5.5 + 25.0 

(v) 25920 3.7 3.5 -25.0 

6 (iii) 2.0 73600 16700 10.0 5.0 + 25.0 

(v) 84600 8.0 4.0 -20.0 

7 (iii) 2.0 0.7 1.2 49040 17000 10350 5.9 10.6 -50.0 

(v) 30240 3.9 6.9 -75.0 

8 (iii) 2.0 73600 17000 9.8 17.6 -50.0 

(v) 84600 7.8 14.2 -60.0 

Table 6.7: Estimate of peak tensile strength, tot al elastie (t:.L e ) , shrinkage (t:.L s ) and 
ereep (t:.Lcr ) gauge length deformations in the different masonry eombinations for both 
loading direetions. 
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Chapter 7 

CONCLUSION 

A numeri cal model for the analysis of moisture migration in cementitious material has 
been elaborated. The link with volume change and the subsequent mechanical response 
of such materials has been established in a simplified way. Some dangers and difficulties 
of the nonlinear diffusion analysis required in the modelling approach have been high
lighted and illustrated. The application of the approach to a two-phase material, such 
as masonry, has been discussed and illustrated. The limited experimental data in the 
literature has been exploited for the characterisation of the material parameters needed 
for describing masonry creep and shrinkage. However, the experiments were not devised 
to distinguish between the mechanisms acting, such as the basic creep, cracking and 
stress-induced shrinkage. This calls for iterative adjustment of the parameters and re
analysis until convergence to a set of parameters with which the measured behaviour can 
be simulated numerically with acceptable accuracy. The first iteration of this process 
was performed and reported. A tot al lack of some of the parameters, for in stance the 
stress-induced shrinkage coefficients, renders this inverse engineering procedure impossi
bIe. Moreover, the modelling approach and the parameters obtained in the above way 
can only be claimed valid if different sets of experimental results can be reproduced with 
them. Therefore, no further iterations were done, opting rather for an experimental pro
gram. The proposed program is specifically designed to distinguish between mechanisms 
in order to facilitate parameter derivation. For validation, experiments on masonry wall 
parts will be performed simultaneously. 
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Appendix A 

TWO-PHASE DIFFUSION: PERFECT 
HYDRAULIC INTERFACE 

The assumption of hydraulically perfect brickjmortar interfaces implies that (eg. Pel 

1995) 

(A.l) 

For the general case that the hygroscopic relations for brick and mortar differ, a discon
tinuity in moisture content occurs at the interface: 

(A.2) 

To illustrate this discontinuity in moisture content at the interface, the single jointed KZE 
specimen described in chapter 5 is investigated. Figure A.l shows the pore humidity and 
moisture content profiles along a vertical line in the centre of the specimen. The pore 
humidities are solved from eq. (2 .9) directly without any constraints at the interfaces. 
Subsequently the respective hygroscopic relations (Figure 5.2) are employed to translate 
the pore humidities to moisture contents. These profiles are in qualitative agreement with 
moisture content profiles measured in sm all masonry specimens (Broeken and Pel 1997). 
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Figure A.I: Illustration of the moisture content discontinuity across the mort ar interface. 
(a) Line along which the evolution of the (b) pore humidity and (c) moisture content is 
shown in the single-jointed, drying calcium silicate masonry specimen (KZE). The profiles 
are shown for 1 hour, 1 day and subsequently with 10 day intervals. 



Appendix B 

COEFFICIENT SMOOTHNESS: TIME AND 
SPATlAL DISCRETISATION CONSTRAINT 

As can be seen in the numerical simulation of the 1-dimensional drying experiments of Pel 
(1995), Figure 4.4, th ere are some differences between the solution of eq. (2.5) for moisture 
content and eq. (2 .9) for pore humidity, with subsequent translation to moisture content 
via the hygroscopic relation ((} - h). This is due to the additional restriction in terms 
of spatial discretisation if the equations are "non-smooth", i.e. continuous and therefore 
differentiable in the domain of interest , but with large gradients in some localised areas. 
See for in stance the calcium silicate hygroscopic relation in Figure 4.1. 

To further illustrate this point , a "smooth" case is analysed here. Consider a one
dimensional 100 mm long bar of a cementitious material drying axially from an ini
tial moisture content of 0.1 (mm3 /mm3 ) in an environment of relative humidity of 40% 
(hE = 0.4) . The smooth diffusivity and hygroscopic relations are shown in Figure B.1. An 
eight-element uniform discretisation for FE solution gives nearly exact agreement between 
the numerical results from both differential equations, Figure B.2. 

Now consider that the same bar, discretised with eight elements, is made of calcium silicate 
with the moisture migration parameters shown before for the KZE specimen, Figure 5.2. 

For the hygroscopic curve (}(h)a fitted to the data points shown in Figure B.3a, a large 
discrepancy is found when comparing the solutions of the two differential equations, Figure 
B.3b. Employing the smoother curve (}(h)b pro duces a large improvement. 

Vet , a discrepancy between the solutions persists. If the discretisation is refined to 100 
elements, good agreement is obtained, Figure B.4. 
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Figure B.l : "Smooth" (a) diffusivity and (b) hygroscopic relation for one-dimensional 
drying example. 

0.12 

.,~ 0.10 
E: 
E: 

~ 

E: 0.08 
.§. 
;: 0.06 B 
<= 
0 
u 0.04 e 
.3 
'" 0.02 ë3 :a 

0.00 
0 

o Humidity analysis 
- - Moisture analysis 

50 
Time (days) 

,G.-

~hE 
UQ....J , 

100 

Figure B.2: Moisture profiles in axially drying bar with smooth parameters obtained from 
moisture content and pore humidity equations respectively. 



0.10 
- a(h), 

., ....... 
.: 

0.08 
-- --- a(h)b 

~ 

~ 

= 0.06 
B c 
0 
u 
e 0.04 

3 
V> 

'0 0.02 
::8 0 

0.00 
0.0 0.2 0.4 0.6 0.8 1.0 

Relative humidity 

(a) 

0.12 

., ....... 
.: 0.10 .: 

~ .: 
~ 0.08 

= B c 
0.06 0 

u ., ... 
3 
V> 0.04 

'S 
::E 

0.02 
0 

- - Moisture analysis 
-- Humidity analysis : a(h), 
-- --- . Humidity analysis : a(h)b 

50 
Time (days) 

(b) 

!G.. 
1I 2 3 
c:::c=I hE 
~ 
1 

100 

71 

Figure B.3: (a) Smooth and non-smooth curves fitted to experimentally measured hy
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analyses, employing both hygroscopic curves shown in (a) . 
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Appendix C 

PLANE (2D) ANALYSIS VS. 3D ANALYSIS 

To investigate whether a two-dimensional (plane) analysis suffices to capture the drying 
behaviour, discrete analyses of moisture migration have been performed, employing the 
two-dimensional and three-dimensional meshes of the KZE specimen, chapter 5, shown in 
Figure C.l. Note that symmetry is assumed, requiring only one eighth of the specimen 
to be model!ed. The material parameters of section 5.2 and the boundary conditions of 
section 5.5 apply. 

symmetry 

2D 3D 
Figure c.l: Finite element mes hes employed to investigate validity of plane analysis. 

Converting the computed pore humidities to moisture content via the hygroscopic relations 
(0 - h), subsequent integration over the total volume and multiplication with the liquid 
water mass density, the tot al moisture content by mass is found. The moisture content 
evolution is compared in Figure C.2a. Clearly the plane analysis greatly overestimates the 
drying rate. By increasing the diffusion coefficient in the thickness direction ten times, 
the two-dimensional drying rate is approached, as also shown in Figure C.2a. Thus, 

despite the fact that the thickness of a masonry wal! is smal! compared with its plane 
dimensions, the low diffusivity requires discretisation also in the thickness direction, thus a 
three-dimensional analysis , if the true humidity and shrinkage gradients and accompanied 
eigenstressing are to be considered. The pore humidity gradient through the thickness 
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is illustrated by Figure C.2b, where humidity evolution at the nodal points through the 

thickness are shown. 
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Figure C.2: (a) Comparison of moisture content evolutions obtained by 3D and 2D anal-
yses. (b) Pore humidity gradient through thickness. 



Appendix D 

OVERSHOOT: TIME AND SPATlAL 
DISCRETISATION CONSTRAINT 

Selection of time and spatial discretisation is a crucial issue for accurate numerical analysis 
of moisture transport and accompanied shrinkage. This issue has been discussed in section 
5.4, but is further illustrated here at the hand of the analyses of the drying KZE specimen. 
Specifically, the influence of the film coefficient as retarder of the moisture migration, is 
investigated. The extreme case of immediate surface hygral equilibrium, as is the case 
when an infinitely large surface convection/film coefficient is employed, is analysed and 
compared with the case of finite surface convection ((3 = 5mm/day) . 

In Figure D.l the numerically obtained pore humidity and moisture content profiles are 
compared for the two cases of surface boundary conditions. It is clear that the increased 
drying rate when employing the infinite film coefficient, Figure D.lc-d, causes overshoot 
for this particular choice of mesh refinement. The (3 =5 mm/day convection coefficient 
su.fficiently retards the surface drying rate to avoid overshoot. 
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Figure D.1: Illustration of the overshoot if rapid surface convection is modelled. (a) 
Line along which evolution of pore humidity profiles are shown for (b) (3 =5 mm/day 
film coefficient and (c) immediate surface equilibrium with environment ((3 = 00). The 
overshoot is even more pronounced for moisture content: (d) and (e). The profiles shown 
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The moisture content and migration in cementitious materials 
determine its time dependent response. Much research has been 
do ne over the last decades to gain insight in these phenomena 
and to distinguish between true and apparent mechanisms of creep 
and shrinkage. However, experimentally as weil as computationally 
much remains to be done to characterise the indentified role 
players, for instance, true material shrinkage, stress-induced shrink
age, basic creep and the coupled effect of cracking and accelerated 
moisture migration. This contribution addresses these issues. A 
numerical model for the finite element analysis of creep, shrinkage 
and cracking in cementitious materials has been described in an 
accompanying report (Van Zijl 1999). Here, a model is elaborated 
tor analysing the moisture migration, the underlying mechanism of 
shrinkage and creep. The coupling with the mechanical analysis is 
also described. 

The material of interest is masonry, to be regarded as a particular 
cementitious concretelike material. Existing experimental data on 
masonry is employed tor the model parameter estimation and 
the validation. However, the experiments were not devised to 
distinguish between the different phenomena included in the 
numerical model. This excludes the possibility of the estimation of 
parameters even by an inverse approach. For this reason an expe
rimental program is proposed with specific tests on small specimens 
for determinîng the model parameters and separate tests ot wall 
parts on the meso-scale tor the validation of the model. 
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