
1 INTRODUCTION 

1.1 Compressive creep in masonry 

Creep deformations in brittle construction materials 
can have a major impact on the behavior of a struc-
ture. Time-increasing deformations under sustained 
loading can lead to considerable pre-stress losses in 
masonry and concrete (Brooks, 2015, Lenczner, 
1986), occurrence of cracking and reduction of the 
initial stiffness and, in a limited number of cases, 
even collapse of the structure (Binda, 2008, 
Verstrynge, 2010). Creep is defined as an increasing 
deformation under a maintained stress state. It often 
gives cause to stress redistributions within a struc-
ture (Ferretti and Bazant, 2006). Although the driv-
ing phenomena for creep in tension (e.g. metals), 
compression (e.g. brittle materials such as masonry 
and concrete) or shear (e.g. adhesives) are funda-
mentally different, creep occurrence is generally de-
scribed as a three-phase process. After initial elastic 
or elastic/plastic deformations, a primary creep 
phase occurs, which is characterized by a decreasing 
strain rate. The secondary creep phase is defined by 
a constant strain rate, with the strain increase de-
pending on, among others, the relative stress level. 
The tertiary creep phase shows increasing strain rate 
and is the onset of failure. Experimental evidence of 

the occurrence of three-phased compressive creep in 
masonry was given by Binda et al. (Binda et al., 
2008, Anzani et al., 2000), and Verstrynge et al. 
(Verstrynge et al., 2010).  

Application of current European standards for 
structural design largely reduces the risk of occur-
rence of creep deformations, as relative stresses are 
kept below the creep initiation level. However, the 
use of deteriorating structures beyond their antici-
pated lifespan and the need for assessment of exist-
ing structures, in particular of historic structures, 
justifies dedicated research on creep phenomena in 
brittle construction materials. 

1.2 Research methodology 

Creep phenomena can be observed and analyzed at 
different scales, depending on the focus and aim of 
the research. The research presented here comprises 
analytical, experimental and numerical methods with 
the aim to investigate and understand creep behavior 
of masonry at subsequent scales, from micro-scale 
crack initiation up to the structural behavior of a 
monument.  

This paper provides a comprehensive description 
of the investigations on creep failure analysis in his-
toric masonry carried out at KU Leuven in the past 
decade, starting with the collapse of two historic 
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ABSTRACT: Time-dependent mechanical damage, such as creep phenomena, can lead to changes in material 
properties and cause gradual deterioration of structural components or even collapse of structures. While his-
toric masonry structures are generally expected to have relatively low stress levels with little consequence on 
their long-term performance, increasing age and structural alterations can result in increasing stress levels and 
accelerated long-term deterioration. This contribution presents experimental and numerical methods which 
are applied to understand and analyze compressive creep behavior of masonry at different scales: at the micro 
scale, crack initiation and growth is visualized by means of X-ray microfocus Computed Tomography (mi-
croCT); at the meso level, creep tests are performed on samples at the scale of building blocks; at the macro 
level, numerical modelling is performed to investigate creep effects at the scale of a multi-leaf masonry wall 
and at the scale of the whole structure. The discussion will be related to a case study, a medieval church tower 
constructed in 3-leaf sandstone masonry, which collapsed in 2006. New insight has recently been acquired 
with respect to the cause of collapse during the analysis of the debris and during the archeological investiga-
tions which preceded the erection of a new tower.  



monuments in 2006 (Verstrynge, 2010). One of 
these monuments, the bell tower of the Saint Wil-
librordus church, will be applied as a case study 
within the discussion presented here. New insight 
has recently been acquired with respect to the cause 
of collapse during the analysis of the debris and ru-
ins and during the archeological investigations 
which preceded the erection of a new tower (Van 
Gemert et al., 2014). The results of these on-site in-
vestigations will be related to the multi-scale exper-
imental and numerical analysis. Therefore, a brief 
introduction of the case study is firstly presented. 

1.3 Introducing the case study 

The Saint Willibrordus church in Meldert (Lum-
men), in Belgium, has known many alterations and 
additions during its construction history. The oldest 
evidence of the origins of its construction are the 
foundations of a single-nave Roman church. The 
foundations, the medieval bell tower and the base of 
the nave, choir and aisles are constructed in ferrugi-
nous sandstone, while later additions are made in 
clay brick masonry (Figure 1). The barrel vault in 
the nave and rib vaults in the aisles are constructed 
in plastered wood. Changes to the church lay-out 
have been carried out in the 17th -18th (nave, aisles, 
transept and choir), 19th (aisles, transept and addition 
of chapels on either side of the tower) and 20th cen-
tury (thorough restoration in the 1970s after listing 
of the monument). The latest alteration took place in 
the 21st century with the collapse of the medieval 
bell tower and part of the nave and aisles in 2006 
(Figure 2), and addition of a new bell tower in 2013. 

The bell tower of the church was of particular 
importance as it was constructed in a local building 
stone, Diestian ferruginous sandstone, which has 
been applied in a considerable number of important 
local monuments in Flanders. The Diestian variant 
of ferruginous sandstone has rather poor mechanical 
characteristics. It has a low overall compressive 
strength and a large scatter on its composition, 
strength and stiffness properties (Verstrynge et al., 
2012). Consequently, Diestian ferruginous sandstone 
is very prone to weathering. Exploitation sites with 
good quality stone in adequate quantities are lacking 
and restorations are often carried out with debris ma-
terial from other buildings, with stones uncovered 
during road construction or with other types of natu-
ral stone. An example of a frequently applied re-
placement stone is Brusselian ferruginous sandstone, 
which has a slightly different composition as it does 
not contain glauconite. However, the availability of 
Brusselian ferruginous sandstone is also limited.  

According to common practice, the walls of the 
church tower were composed as three-leaf masonry, 
consisting of two outer layers with better quality 
stonework and a rubble inner core with sandstone 
chunks and large amounts of lime mortar.  

 
Figure 1. Saint Willibrordus church in Meldert (Lummen, 
Belgium), source: Kerkeninvlaandenderen.be 

 
Figure 2. Saint Willibrordus church in Meldert (Lummen, 
Belgium), after collapse of the bell tower in 2006 

Prior to the collapse of the tower, crack pattern 
investigation, crack width monitoring and investiga-
tion of the foundations and subsoil had been carried 
out. Following these initial investigations, the large 
cracks and subsequent collapse of the tower have 
been attributed to instability of the masonry itself, 
which was caused by long-term deformations, loss 
of inner cohesion and creep effects. To thoroughly 
understand the collapse of the tower and the occur-
rence of creep damage in ferruginous sandstone, a 
multi-scale investigation was set-up. Sandstone and 
mortar samples were collected from the debris mate-
rial, as well as from similar monuments. 

This paper reviews the results of the experimental 
analysis at micro and meso scale, the numerical 
modelling at macro scale and the on-site structural 
analysis.  

2 ANALYSIS AT MICRO SCALE 

2.1 Creep analysis at micro scale 

On a micro structural level, creep in granular mate-
rials, micro-crack initiation and propagation, and ef-
fects of pore water pressure are investigated to cap-
ture the cause and onset of creep deformations 
observed on macro-scale (Gawin et al., 2007, 
Bowman and Soga, 2003).  

During the process of creep deformations, micro 
cracking occurs if local tensile stresses in the mate-



rial’s micro structure exceed the inner structure’s lo-
cal strength. Crack nucleation in the form of micro 
cracking originates in zones of stress concentrations, 
such as a local weakness in the material’s inner 
structure or inhomogeneities, and may coalesce to 
into larger macro cracks. Since the initiation and 
propagation depends on the strength of the materi-
al’s inner structure, any processes which influence 
the bond strength between micro structural constitu-
ents might increase creep effects.  

Bazant indicates early-age solidification and mi-
cro-prestress of creep sites in the cement gel micro-
structure as major causing mechanisms for short-
term and long-term ageing respectively in cementi-
tious materials (Bazant, 2001). Creep deformations 
in porous materials are generally attributed to a slow 
process of pore fluid transport and the related stress 
fluctuations. These ideas form the base of the com-
mon distinction between basic creep and drying 
creep. The former depends solely on the stress level, 
the latter stands for the additional creep which oc-
curs in the interaction between drying shrinkage and 
creep, referred to as the Pickett effect. In general, 
several experimental programs have evidenced that 
moisture fluctuations such as relative humidity 
changes have a large impact on creep strains in po-
rous building materials (Verstrynge et al., 2014, van 
Zijl, 2000). 

The strength reduction in (partially) saturated po-
rous building materials can be due to a decrease in 
capillary tension, increase in pore pressure, reduc-
tion of the fracture surface energy, reduction of in-
ternal friction and chemical deterioration. These ef-
fects have been widely studied in rock mechanics 
and a number of these mechanisms may be acting at 
the same time (Grgic and Amitrano, 2009, Van 
Eeckhout, 1976, Han et al., 2002). Specifically for 
ferruginous sandstone, chemical reactions under 
contact with water might cause ferruginous deposi-
tions and lead to a reduction of the fracture surface 
energy. Erguler and Ulusay presented a comprehen-
sive experimental study which demonstrated the re-
duction of strength and stiffness of clay-bearing rock 
under different saturation levels (Erguler and 
Ulusay, 2009). Ferruginous sandstone often contains 
a certain fraction of clay minerals, which might 
swell due to absorption of water within their sheet-
like structure, causing a decrease in internal friction 
and a less stable micro-structure. 

2.2 Experimental program and results 

To experimentally observe crack initiation and prop-
agation in Diestian ferruginous sandstone and to 
study the effect of moisture on this process, mi-
croCT tests were performed on small samples under 
pressure, in dry and wet conditions. X-ray micro-
focus Computed Tomography (microCT) is a non-
destructive observation technique which allows to 

visualize the inner structure of a non-transparent 
specimen, based on the attenuation of X-rays 
(Wevers, 2012). It can be used to study the internal 
structure of porous building materials such as mor-
tar, bricks and sandstone (Cnudde et al., 2011, 
Landis and Nagy, 2000). In medical applications, a 
scanner-detector system rotates around an object 
while in applications of microCT, the object rotates 
and the scanner-detector system remains immobile. 
The raw data consist of 2D projection images. These 
images are used as input for reconstruction software, 
which composes a 3D array of density values. The 
3D result can be used to produce horizontal or verti-
cal sections and analyse 2D and 3D morphological 
parameters. The resolution limit of the system is in 
the order of micrometres (microCT) down to nano-
metres (nanoCT). For the microCT tests reported 
here, a resolution of 7.8 µm was achieved on a Sky-
Scan 1172 system. 

Cylindrical sandstone samples (diameter ±10 
mm, height 14-15 mm) were scanned at different 
stages of a compression test. A compression cell was 
developed to apply a constant deformation while 
performing the scans. Four scans were aimed for 
during the stepwise loading of each specimen up to 
failure: in the initial state, during elastic defor-
mation, just before and just after reaching the maxi-
mum load level. Each scan has a duration of approx-
imately 1.5 hour, resulting in a duration of at least 6 
hours for each test. A more detailed description of 
the developed test setup and additional results were 
presented in (Verstrynge et al., 2014). Relevant re-
sults are shown in Figure 3 to illustrate the observed 
crack propagation and failure modes in a dry and 
saturated sample. The horizontal slices, obtained 
from the subsequent scans during the compressive 
tests are presented for both samples and an indica-
tive porosity value is presented below each image. 
The scan moments are also indicated on the stress-
strain graphs. 

The results indicate that the saturated samples 
show a slightly less brittle behavior with a more 
progressive crack growth smeared out over a longer 
time period, compared to the dry test specimens. 
This can be observed from comparison of the stress-
strain curves and from the microCT images. On the 
scans of the saturated samples, the crack initiation 
and growth was observed in an early stage during 
the compression test. In some cases, the large pores 
or inhomogeneities along the crack path could al-
ready be observed in the non-loaded specimens.   

The porosity values indicated below the scan im-
ages are determined for 11 subsequent slices (the 
one shown and 5 above and below) and they are rel-
ative values, since the greyscale threshold which dif-
ferentiates between pore space and particles has to 
be chosen manually. In addition, only pores larger 
than 8 micrometers can be detected due to the reso-
lution of the scans. When performing a relative 



comparison between porosity values of subsequent 
steps during a compression test, a similar behavior is 
observed for all samples: the value initially decreas-
es in the second scan (compaction) and increases 
markedly for the fourth scan (dilatation). In case 
cracks are already formed in the second or third 
scan, an increase in porosity value is also observed 
here (see Figure 3-b3). This procedure can thus be 
applied for detection of crack formation and dilata-
tion onset in small samples, provided that a suffi-
cient amount of scans is made during the stepwise 
compression test. 

The micro-scale experimental testing proved use-
ful for observation and understanding of crack 
growth (intergranular fracture progress) in dry and 
saturated samples. Lower strength and less frictional 
resistance was observed for the saturated samples, as 
cracks were initiated at lower stress levels and frac-
ture occurred in a less brittle manner. For a detailed 
comparison and explanation of the governing pro-

cesses which influence the micro-mechanical behav-
ior of different types of ferruginous sandstone, with 
reference to the mineralogical study of these sand-
stone types, the reader is referred to (Verstrynge et 
al., 2014). 

Although the effect of partial saturation on crack 
initiation was observed, the setup did not allow to 
perform controlled creep tests at this scale. The ap-
plied loading procedure introduces some error in the 
registration of the load levels and the indicated 
stresses can thus not be seen as accurate quantitative 
values. In addition, the small size of the specimens 
(chosen as a compromise between scan resolution 
and required representative volume) and roughness 
of the surface at the loaded ends also introduce inac-
curacies in the estimated average compressive stress. 
Therefore, a precise quantification of the stresses 
and deformations was not aimed for. At the meso-
scale, dedicated experimental testing was performed 
to obtain more accurate creep deformation data. 
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a1.) 27.6 % a3.) 26.2 % a4.) 25.4 % a5.) 38.5 % 

b1.) 23.5 % b2.) 23.1 % b3.) 26.1 % b4.) 35.0 % 

Figure 3. Results of microCT on low quality Diestian ferruginous sandstone: stress-strain graph of dry (a) and saturated (b) sample. 
Horizontal slices obtained by microCT on a dry (a1-4) and saturated (b1-4) sample, with indication of 2D porosity (%). Scan mo-
ments are indicated on the stress-strain graphs. 

 



3 ANALYSIS AT MESO SCALE 
 
In numerical modelling of masonry, the meso scale 
commonly takes into account the lay-out of the 
bricks / blocks and the mortar joints, in which the 
mortar joints are represented as interface elements 
(Lourenco, 1996). At this scale, experimental tests 
were carried out to define the time-dependent me-
chanical behavior of ferruginous sandstone blocks. 
In addition, samples from the rubble core of three-
leaf sandstone masonry were also characterized. The 
latter contain irregular sandstone chunks and large 
volume ratios of lime mortar. Although the aim was 
to define the creep behavior at the scale of building 
blocks, the test samples were smaller than the in-situ 
stones, due to size limitations of the test setup.  

Creep tests were carried out on ferruginous sand-
stone samples during two test campaigns:  
 In a first test campaign, 9 cylindrical samples, 

with a diameter of 113 mm and height of 100 
mm, were tested under uniaxial compression in 
cyclic accelerated creep tests to obtain input data 
for the calibration of a creep model (Verstrynge 
et al., 2012).  

 In a second test program, 8 cylindrical samples 
with a diameter of 80 mm and height of 100-140 
mm, were subjected to cyclic accelerated creep 
tests to assess the effect of moisture (Verstrynge 
et al., 2014).  
 
Figure 4 shows the setup of uniaxial compressive 

creep tests on sandstone samples, as applied in the 
second test program. During this second test pro-
gram, the acoustic emission (AE) technique was ef-
ficiently used to increase the success rate of the 
tests, which means that more samples showed ter-
tiary creep behavior before failure. The acoustic 
emission technique monitors high-frequency elastic 
waves which are emitted by the material itself upon 
stress redistributions, such as cracking. It can there-
fore be applied as a technique for detecting an locat-
ing micro fractures in the form of “acoustic emission 
events” (AE events). For information on this tech-
nique, the reader is referred to literature (Grosse and 
Ohtsu, 2008, Tomor and Verstrynge, 2013).    

Figure 5 shows typical examples of creep curves 
obtained during the second test program. It can be 
observed that the addition of water at the base of the 
sample during a stable secondary creep stage, causes 
water absorption by the sandstone, followed by un-
stable compressive creep failure (Figure 5b). On the 
meso scale, the effect which is observed upon water 
absorption is similar to the onset of tertiary creep 
during a creep test on a dry ferruginous sandstone 
sample (Figure 5a). 
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Figure 4. Setup of uniaxial creep test on cylindrical sandstone 
samples (diameter 80 mm) and location of the four AE sensors 
(inset on the lower right) 
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(b) 

Figure 5. Results of uniaxial cyclic creep tests on ferruginous 
sandstone samples: stress and cumulative number of AE events 
as a function of time. (A: primary creep, B: secondary creep, 
C: tertiary creep)
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onset of tertiary creep, 
no adding of water, 
no stress increase



Secondly, results of uniaxial compressive tests on 
samples from the rubble core of three-leaf masonry 
are reported. Figure 6 shows representative details of 
the outer leaf and rubble core masonry for three-leaf 
masonry constructed with Diestian ferruginous 
sandstone.  

Figure 7 presents experimental results of uniaxial 
compression tests on Diestian ferruginous sandstone 
samples, taken from the masonry of the collapsed 
bell tower of the Saint Willibrordus church at 
Meldert (14 samples) and the Saint Eustachius 
church at Zichem (33 samples). All samples are tak-
en from the masonry’s outer leaf. All specimens 
were obtained by core drilling and have a cylindrical 
shape, with one of the following dimensions: diame-
ter 113, 50 or 45 mm, with a respective height of 
100, 45 or 40 mm, keeping the cross section to 
height ratio almost constant for the different dimen-
sions. The experimental values are presented togeth-
er with the normal (N) and lognormal (LN) probabil-
ity density curve and the characteristic strength, fk.  

Two compressive tests were performed on core 
masonry and the ultimate compressive strength val-
ues obtained were 1.6 and 3.0 MPa. The amount of 
succeeded tests on core masonry is very low and 
thus statistically irrelevant. The reason for this is 
that most core masonry samples were incohesive and 
fell apart during drilling. The indicated results thus 
signify the most cohesive samples and it can there-
fore be assumed that the other samples would have 
lower strength and stiffness properties.  

Since the core masonry’s mechanical behavior 
depended in large degree upon the composition of 
the sample, no creep tests were attempted on core 
masonry. For experimental results of creep tests on 
larger samples of core masonry, the reader is re-
ferred to tests carried out by Binda and Anzani 
(Anzani et al., 1995). In the next section, numerical 
simulation will illustrate the effect of the different 
mechanical properties of the leaves on the creep be-
havior of three-leaf masonry. 

 
 

  
Figure 6: Details from the three-leaf ferruginous sandstone ma-
sonry of the Saint Eustachius church at Zichem (Belgium): 
outer leaf (left) and rubble core (right) 

 

Figure 7. Histogram of compressive tests on Diestian ferrugi-
nous sandstone, together with normal (N) and lognormal (LN) 
distribution, and indication of characteristic strength fk.

  

4 ANALYSIS AT MACRO SCALE  

Due to cost and complexity of experimental testing 
at larger scales, numerical simulation is often ap-
plied in combination with on-site damage observa-
tion and monitoring.  

This section will firstly present results of a numer-
ical creep model, which was applied to study the 
collapse of the Saint Willibrordus church’s bell tow-
er. Secondly, the influence of three-leaf masonry on 
creep progress is illustrated. Finally, the reported 
experimental investigations and modelling analysis 
are linked with on-site investigations.  

Since ferruginous sandstone masonry is composed 
of large stone blocks (dimensions between 20-80 
cm) and relatively thin mortar joints (thickness be-
tween 5-20 mm), a simplified macro-model can be 
applied for investigation of the creep behavior at the 
scale of the structure. The macro model does not 
take into account the effects of the mortar. This sim-
plification is based on the assumption that the effect 
of the mortar joint is small due to the relatively 
small volume ratio of joint and blocks.  

For regular, clay brick masonry with higher joint-
to-brick volume ratio, creep tests have been carried 
out on small walls with different types of mortar 
compositions, and an effect of the mortar’s mechan-
ical properties on the strength and stiffness of the 
tests specimens was defined. The difference in 
strength between different types of masonry can be 
taken into account by considering relative creep 
stresses, defined as the uniaxial averaged stress ratio 
divided by the compressive strength. Also an impact 
on the creep limit has been observed, with lower rel-
ative stresses at which creep damage accumulation 
is initiated for lower-strength masonry (Verstrynge, 
2010).  

fk,N fk, LN

N 

LN 



4.1 Results of macro scale creep model 

The results of the creep tests, discussed in the previ-
ous section on “the meso scale”, were applied for 
calibration of a macro-scale creep model. The ap-
plied numerical model is based on a visco-elastic 
model with damage (Papa and Taliercio, 2005, 
Verstrynge et al., 2010). The subsequent creep phas-
es are modelled with the rheological components of 
a Burgers model, being a Kelvin component for the 
primary creep phase (εK) and a Maxwell component 
for the secondary, steady-state creep (εM,visc) and the 
elastic deformation (εM,el). The tertiary phase (εD) is 
described with a damage parameter which evolves as 
a function of time and relative stress level. The vis-
co-elastic model with damage is integrated in closed 
form using a backward Euler scheme and extended 
towards a 3D formulation, which resulted in a ortho-
tropic, non-rotating, smeared crack model 
(Verstrynge et al., 2011). The three-dimensional 
formulation of the creep model has been implement-
ed in the user-supplied subroutine “USRMAT”, 
available in the finite element software DIANA 
(TNO DIANA, release 9.3). For detailed information 
on the model and the calibration process, the reader 
is referred to previous publications (Verstrynge et 
al., 2011, Verstrynge et al., 2012). 

The macro scale creep model, as described above, 
has been applied to analyze the collapsed Saint Wil-
librordus church of Meldert. The 3D model of the 
bell tower is presented in Figure 8. The upper part of 
the tower is omitted and replaced by an equivalent 
weight on top of the model. Symmetry is taken into 
account. The tower is modelled in the situation just 
before the collapse, which means that a large open-
ing is present at the rear side of the tower and a stiff 
beam is modelled to conduct the weight to the corner 
pillars. The calibration of the model variables is 
based on the results of the experimental creep tests 
on samples taken from the collapsed bell tower 
(Verstrynge et al., 2012). Large scatter was found on 
the results, the coefficient of variation (COV) is 
55% for the compressive strength and 43% for the 
Young’s modulus. To take into account the very 
large scatter on the strength characteristics, the char-
acteristic value of the compressive strength, fk,LN = 
1.17 MPa, was used during the analysis instead of 
the average compressive strength.  

Figures 8-9 summarize the results of the creep 
analyses on the bell tower. Figure 8 presents the axi-
al stresses which are present in the base of the tower. 
The average stress at the base, caused by the self-
weight of the tower, is calculated to be 0.35 MPa. 
The stress in the corner pillars is increased up to 
0.5–0.6 MPa due to the enlarged opening at the rear 
side. Small amounts of creep damage are present in 
these pillars. Figure 9 presents the vertical compo-
nent of the creep damage parameter, with zero being 
no creep damage and 1 being creep failure. The 

small amounts of creep damage, introduced in the 
tower base by the simulation, do not cause failure. 

From the finite element calculations, it can be 
concluded that creep damage was present in the bell 
tower, but the amount of damage would not lead to 
failure due to the possibility of stress redistributions 
(towards the side walls of the tower) and the overall 
low amount of damage which does not cause unsta-
ble damage accumulation. However, it should be 
remarked that a number of important effects, such as 
three-leaf masonry, cyclic loading, moisture effects 
and spatial variability of material properties were 
not included in the analysis. Secondly, stress redis-
tributions, which take place during the simulation, 
could be obstructed by a lack of inner cohesion of 
the walls.  

In the next section, the creep model will be ap-
plied to illustrate that the different stiffness proper-
ties of the outer leaf and rubble core of multi-leaf 
masonry can have an important effect on creep dam-
age progress and should not be disregarded. 

 

Figure 8. Contour plots of axial stresses (MPa) in the bell tow-
er of the Saint Willibrordus church at Meldert. View from the 
inside of the church (the rear of the tower’s façade)

 

Figure 9. Contour plot of the vertical component of the creep 
damage parameter (up to 0.08) at the base of the bell tower

Inset: see 
Figure 9 



4.2 Creep behavior of three-leaf masonry 

To study the effect of different strength and stiffness 
of the rubble core and external leaves on the long-
term behavior of the wall, part of a three-leaf wall 
was modelled in 3D. The long-term behavior of the 
wall was analyzed with the orthotropic creep model. 
Regarding the 3D model, symmetry was taken into 
account, the nodes at the top of the model were pro-
hibited to move with respect to each other in vertical 
direction, and no interface layer was foreseen be-
tween core and outer leaves. Using two-dimensional 
plane stress elements would give similar results, but 
disables the positive effect of the lateral confinement 
along the length of the wall. In historic structures, 
the leaves can be partly or fully disconnected, there 
can be a certain degree of friction between the 
leaves, or they can even be interlocked. The simpli-
fications adopted in the model do not allow a de-
tailed description of the effects of these different sit-
uations, but provide a straightforward model which 
can illustrate the effects of time-dependent creep 
damage. It can be assumed that the presented analy-
sis overestimates the strength of the walls, as 
debonding between the different leaves can cause 
buckling effects, which are not incorporated here. 
The major characteristics of the modelled wall seg-
ment and adopted material properties are indicated 
in Table 1.  

The evolution of the axial stress levels and the 
vertical component of the creep damage parameter 
(D) are indicated in Figure 10. As the external leaves 
are stiffer, they take up an initial stress level which 
is higher than the applied stress. The reverse is valid 
for the rubble core masonry. Creep damage increas-
es gradually in both, the rubble core and external 
leaves, but the initial damage is higher in the core, 
which causes a stress redistribution. Again, D=0 
equals no creep damage and D=1 indicates creep 
failure. Within a period of 500 years, the stress 
gradually decreases in the core masonry and in-
creases in the external leaves. This stress increase 
explains why the damage in the outer leaves increas-
es equally fast, although it was initially lower. The 
stress level which causes creep failure in the external 
leaves after a period of 500 years, is indicated in 
Figure 10. This level is not reached for the described 
conditions. 

 
Table 1. Characteristics of the modelled wall seg-
ment and adopted material properties 

 rubble core external leaf 

compressive strength 
fc [MPa] 

2.5 3 

Young’s modulus 
EM [MPa] 

1800 2000 

leaf thickness  
[mm] 

600 2*200 (inner 
and outer leaf) 

 

 

 
Figure 10. Evolution of vertical stresses and vertical compo-
nent of the creep damage parameter in core and external leaf of 
three-leaf masonry 

 

 
Figure 11. Evolution of vertical stresses and vertical compo-
nent of the creep damage parameter in core and external leaf: 
Increase of applied stress of 15% with respect to Figure 10 

 

 
Figure 12. Evolution of vertical stresses and vertical compo-
nent of the creep damage parameter in core and external leaf: 
Decrease of core stiffness of 55% with respect to Figure 10
 



In Figures 11-12, the results of two alternative 
analyses are presented. In the first example, the ap-
plied stress level is increased with 15% in compari-
son with the previous analysis. This increases the 
average stress level in the rubble core to 61 % of its 
compressive strength. This causes higher initial 
damage levels in the core masonry, which increase 
over time. After a period of 120 years, the core ma-
sonry fails due to creep damage. This imposes all the 
weight on the external leaves, which fail subsequent-
ly. In the second example, Figure 12, the Young's 
modulus of the core is decreased with 55%. Such a 
stiffness decrease can for example occur when the 
lime mortar within the rubble core degrades due to 
water infiltration. This introduces initial larger 
stresses in the external leaves, which are therefore 
subjected to larger creep deformations. Unlike the 
previous examples, the stress in the external leaf de-
creases in time, while the stress level in the core in-
creases. Failure of the masonry is expected after on-
ly 70 years. If the wall only consisted of cohesive 
core masonry, failure would be expected after 500 
years for the same loading conditions. Therefore, in 
this example, failure is accelerated due to difference 
in stiffness between outer leaves and rubble core 
masonry. 

It can be concluded that stress redistributions and 
long-term damage accumulation in three-leaf mason-
ry can be modelled with the creep model. It was 
shown that the extent of the stress redistributions 
and the possibility of failure of the core and/or outer 
leaves largely depends on the ratio between their 
Young's moduli and on the compressive strengths 
involved. 

4.3 Back to the case study 

It should be clear that the models presented above 
aim at understanding the long-term mechanical be-
havior of the masonry of the Saint Willibrordus 
church. However complex, these models are always 
a simplified representation of the actual situation. In 
such, the strength of a model lies within the 
knowledge of what it can capture (and what not), 
and which is the influence of uncertain model inputs 
on its accuracy and predictability.  

To relate the knowledge obtained from the exper-
imental and numerical analysis to the case study, a 
brief overview of the on-site investigations is pre-
sented in this section. 

The on-site analysis is presented in a chronologi-
cal order, each time indicating the year, type of 
analysis, applied investigation method and most im-
portant results which contribute to an understanding 
of the failure of the bell tower. The discussed on-site 
analysis methods differ from the monitoring and 
non-destructive techniques which are generally ap-
plied. Due to collapse of the tower, a profound mate-
rial characterization, as described above, a forensic 

engineering analysis and an archeological investiga-
tion could be performed as well. 

Building history 
The construction history of the church has al-

ready briefly been described in the introduction. The 
history of the building presents two major events 
which are important to understand the structural be-
havior of the masonry of the bell tower. 

Firstly, the tower has been constructed as a sepa-
rate, medieval structure which indicates that the 
large openings at the base of the tower were not pre-
sent at the time of construction. The tower has been 
visually integrated within the church building at the 
mid-nineteenth century, during the construction of 
the chapels at the tower’s southern and northern 
side. By making large openings in the east and west 
wall of the tower, the load distribution over the cross 
section of the ground floor masonry changed com-
pletely, with nearly double loads on the remaining 
masonry. 

Secondly, the church has been thoroughly re-
stored in the 1970s as a response to the listing of the 
complete church as a monument in 1973. During this 
restoration, the inner plaster layer as well as the out-
er appearance of the masonry have been renewed. 
However, the good appearance of the tower on the 
outside might have hidden inner cohesion problems 
within the multi-scale masonry. 

Inspection of the foundation (2004-2005) 
As the masonry showed cracking at several loca-

tions, an investigation of the subsoil and foundations 
was performed. Four soil penetration tests were car-
ried out and three inspection pits were dug. From the 
inspection pits, a foundation depth of at least 1.25 m 
was found for the tower. The archeological investi-
gation showed later a foundation depth of 1.7 - 2 m, 
which indicates that the tower had been founded in 
the stronger soil layers. 

 
Crack survey and monitoring (2006) 

The investigation of the foundations did not pro-
vide an apparent cause for the crack formation at the 
base of the bell tower. In 2006, a new inspection was 
performed focusing on the cracking in the tower, 
which had become visible (again) after the restora-
tion works of 1979 and had increased noticeably 
since 1995. A visual inspection of the crack pattern 
was performed and the largest cracks in the tower 
were monitored with demountable strain gauges, 
type Demec.  

For the smaller cracks in the outer walls of the 
church nave and side aisles, the cracking could be 
ascribed to small additional settlements of the foun-
dations, activated or triggered by the 1979 restora-
tion intervention. However, the cracking in the tow-
er masonry was of a different nature and could not 
be ascribed to settlements of the foundations. Large 



vertical cracks were observed on the inside of the 
tower and masonry crushing on the outside, which 
indicates overstressing of the masonry (Figure 13).  

The monitoring of the crack widths revealed a 
fast increase of the crack openings in the southern 
wall and pillars of the tower, amounting up to more 
than 1 mm in just 11 days. After these observations, 
the church was closed for visitors and the collapse 
occurred a few weeks later in July 2006. 

 
Forensic engineering (2006-2011) 

The cleaning of the debris and investigation of 
the ruins gave additional insight on the inner struc-
ture of the multi-leaf masonry. This phase can be de-
scribed as forensic engineering, since the collapsed 
structure itself is the object of study. During this 
analysis, visual observation and digital photo-
archiving was applied. Pictures were taken from a 
height to study the location of the scattered debris 
(Figure 14). A photogrammetric survey was made 
from the still standing part of the northern tower 
wall before removal. 

Analysis of the debris showed a lack of cohesion 
between the different layers of the sandstone mason-
ry. At some locations, sandstone plates rather than 
blocks had been added as a replacement stone during 
the 1979 restoration. Behind these infill stone plates, 
no mortar connection was present between the plate 
and the rubble core masonry of the tower (Figure 
15). This restoration procedure has certainly con-
tributed to an acceleration of the degradation process 
and of the collapse. It reduces the load-bearing ca-
pacity and buckling resistance of the outer leaf and it 
caused water accumulation in the holes behind the 
outer leaf. This water, from condensation and in-
gress, increases leaching out of the binder in the 
lime mortar, which leads to pulverization of the mor-
tar and loss of adhesion between the wall compo-
nents. As was indicated in the numerical analysis of 
three-leaf masonry, decrease of the rubble core’s 
stiffness and cohesion has an increasing effect on 
creep damage accumulation.  

As discussed above, the structural behavior of the 
multi-leaf masonry had also changed due to the in-
troduction of large openings at the base of the tower; 
The hoop-shaped outer and inner leaf had been cut 
and it was observed that this intervention was not 
compensated by providing additional lateral connec-
tions. Even the removed lateral connections in the 
original door openings were not replaced and the 
outer layer of regular sandstone was missing in the 
inside of the openings. Again, such intervention has 
a major negative effect on the stability of three-leaf 
masonry. 

In this phase of the investigations, a small part of 
the masonry material was acquired for experimental 
analysis. Part of these experimental investigations 
were described in the sections on “micro scale” and 
“meso scale” analysis.  

Larger sandstone blocks were stored to be applied 
for restoration of other monuments, since no quar-
ries currently exist for Diestian ferruginous sand-
stone. 

 
Archeological investigation (2011-2012) 

As a new tower was to be constructed, an archeo-
logical investigation was carried out at the side of 
the old tower. This investigation revealed the depth 
of the foundations and largely contributed to the 
construction history which was described above. 

 

 
Figure 13. Vertical cracks at the inside of the bell tower (left) 
and crushing an buckling of masonry at the outside (right) 

 
Figure 14. Pictures were taken from a height to study the loca-
tion of the scattered debris 

 
Figure 15. Replacement with sandstone plate showing no con-
nection between outer leaf and core masonry. 



By combining the information obtained from all 
investigations, it was revealed that not a settlement 
of the foundations, but the degradation of the three-
leaf sandstone masonry combined with the succes-
sive transformation interventions in the course of the 
centuries were the cause of long-term damage accu-
mulation and eventually collapse. 

5 CONCLUSIONS 

A comprehensive description of an experimental and 
numerical research program to study creep failure in 
historic masonry was presented. The study was re-
lated to the collapse of a historic bell tower, which 
was constructed in three-leaf masonry with ferrugi-
nous sandstone and lime mortar. It was shown how a 
multi-scale approach contributes to the full under-
standing of the damage.  

At the micro scale, the influence of moisture satu-
ration on crack initiation and propagation was visu-
alized in ferruginous sandstone by means of X-ray 
microfocus Computed Tomography (microCT). At 
the meso level, acoustic emission-controlled creep 
tests were performed on samples at the scale of 
building blocks and the mechanical properties of the 
core masonry were investigated. At the macro level, 
a visco-elastic model with damage was applied to 
investigate creep effects at the scale of the structure, 
and the effect of the different stiffness properties of 
the outer leaf and rubble core of multi-leaf masonry 
was illustrated.  

The multi-scale approach thus included the level 
of the material, the components and the structure. In 
this approach, the on-site analysis of the monument 
itself was an important aspect within the investiga-
tions. The multi-scale experimental and numerical 
approach, together with the on-site analysis formed 
the base for the thorough understanding of the col-
lapse of the monument. 

6 REFERENCES 

Anzani, A., Binda, L. & Melchiorri, G. 1995. Time dependent 
damage of rubble masonry walls. IN WEST, H. W. H. (Ed. 
The Fourth International Masonry Conference. London, 
The British Masonry Society. 

Anzani, A., Binda, L. & Mirabella Roberti, G. 2000. The effect 
of heavy persistent actions into the behaviour of ancient 
masonry. Materials and Structures, 33, 251-261. 

Bazant, Z. P. 2001. Prediction of concrete creep and shrinkage: 
past, present and future. Nuclear Engineering and Design, 
203, 27-38. 

Binda, L. (Ed.) 2008. Learning from Failure - Long-term be-
haviour of heavy masonry structures, Southampton, WIT 
Press. 

Binda, L., Schueremans, L., Verstrynge, E., Ignoul, S., 
Oliveira, D. V., Lourenco, P. B. & Modena, C. 2008. Long 
term compressive testing of masonry - test procedure and 
practical experience. IN D'AYALA, D. & FODDE, E. 

(Eds.) 6th International Seminar on Structural Analysis of 
Historical Constructions. Bath. 

Bowman, E. T. & Soga, K. 2003. Creep, ageing and micro-
structural change in dense granular materials. Soils and 
Foundations, 43, 107-117. 

Brooks, J. J. 2015. Concrete and Masonry Movements, Oxford, 
Elsevier. 

Cnudde, V., Dewanckele, J., Boone, M., De Kock, T., Boone, 
M., Brabant, L., Dusar, M., De Ceukelaire, M., De Clercq, 
H., Hayen, R. & Jacobs, P. 2011. High-Resolution X-Ray 
CT for 3D Petrography of Ferruginous Sandstone for an 
Investigation of Building Stone Decay. Microscopy Re-
search and Technique, 74, 1006-1017. 

Erguler, Z. A. & Ulusay, R. 2009. Water-induced variations in 
mechanical properties of clay-bearing rocks. International 
Journal of Rock Mechanics and Mining Sciences, 46, 355-
370. 

Ferretti, D. & Bazant, Z. P. 2006. Stability of ancient masonry 
towers: Stress redistribution due to drying, carbonation, and 
creep. Cement and Concrete Research, 36, 1389-1398. 

Gawin, D., Pesavento, F. & Schrefler, B. A. 2007. Modelling 
creep and shrinkage of concrete by means of effective 
stresses. Materials and Structures, 40, 579-591. 

Grgic, D. & Amitrano, D. 2009. Creep of a porous rock and 
associated acoustic emission under different hydrous condi-
tions. Journal of Geophysical Research-Solid Earth, 114. 

Grosse, C. U. & Ohtsu, M. (Eds.) 2008. Acoustic emission 
testing - basics for research - applications in civil engineer-
ing, Springer. 

Han, G., Dusseault, M. B. & Cook, J. 2002. Quantifying Rock 
Capillary Strength Behavior in Unconsolidated Sandstones 
(78170-MS). SPE/ISRM Rock Mechanics Conference. Ir-
ving, Texas, Society of Petroleum Engineers Inc. 

Landis, E. N. & Nagy, E. N. 2000. Three-dimensional work of 
fracture for mortar in compression. Engineering Fracture 
Mechanics, 65, 223-234. 

Lenczner, D. 1986. Creep and prestress losses in brick mason-
ry. The Structural Engineer, 64B, 57-62. 

Lourenco, P. B. 1996. Computational strategies for masonry 
structures. Delft, Delft University of Technology. 

Papa, E. & Taliercio, A. 2005. A visco-damage model for brit-
tle materials under monotonic and sustained stresses. Inter-
national Journal for Numerical and Analytical Methods in 
Geomechanics, 29, 287-310. 

Tomor, A. K. & Verstrynge, E. 2013. A joint fatigue–creep de-
terioration model for masonry with acoustic emission based 
damage assessment. Construction and Building Materials, 
43, 575-588. 

Van Eeckhout, E. M. 1976. Mechanisms of Strength Reduction 
Due to Moisture in Coal-Mine Shales. International Journal 
of Rock Mechanics and Mining Sciences, 13, 61-67. 

Van Gemert, D., Vos, P. & Ignoul, S. 2014. Collapse and re-
construction of the tower of the St Willibrordus Church at 
Meldert Lummen (B). International Journal for Restoration 
of Buildings and Monuments, 20, 3-24. 

Van Zijl, G. P. a. G. 2000. Computational modelling of mason-
ry creep and shrinkage. PhD Thesis. Delft, Delft University 
of technology. 

Verstrynge, E. 2010. Long-term behaviour of monumental ma-
sonry constructions: modelling and probabilistic evaluation. 
PhD Thesis. Leuven, Civil Engineering Department, KU 
Leuven. 

Verstrynge, E., Adriaens, R., Elsen, J. & Van Balen, K. 2014. 
Multi-scale analysis on the influence of moisture on the 
mechanical behavior of ferruginous sandstone. Construc-
tion and Building Materials, 54, 78-90. 

Verstrynge, E., Schueremans, L. & Van Gemert, D. 2010. 
Time-dependent mechanical behavior of lime-mortar ma-
sonry. Materials and Structures, 44, 29-42. 



Verstrynge, E., Schueremans, L. & Van Gemert, D. 2012. 
Creep and failure prediction of Diestian ferruginous sand-
stone: modelling and repair options. Construction and 
Building Materials, 29, 149-157. 

Verstrynge, E., Schueremans, L., Van Gemert, D. & Hendriks, 
M. a. N. 2011. Modelling and analysis of time-dependent 
behaviour of historical masonry under high stress levels. 
Engineering Structures, 33, 210-217. 

Wevers, M. 2012. X-ray Computed Tomography for Non-
Destructive Testing. Conference on Industrial Computed 
Tomography (ICT). Wels, Austria, Shaker Verlag, 
NDT.net. 

 
 


