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Abstract. An experimental analysis on a set of strengthened masonry walls has been carried out by 
means of cyclic loading tests in order to simulate the creep effects. The damage evolution of speci-
mens reinforced by traditional or innovative methods is evaluated by the Acoustic Emission (AE) 
technique. The AE time dependence during fracture propagation is analysed through a power law. 
In addition, the AE frequency analysis is used to obtain information on the criticality of the ongoing 
process. 

Introduction 

A crucial aspect in damage evaluation of historical masonry buildings is the analysis of long-term 
behaviour. Creep analysis has a great influence on the safety assessment of monumental buildings 
in view of strengthening works [1,2]. From a technological point of view, one of the most common 
methods used to reinforce masonry structures is to provide single or double-side mortar layers. 
Among these methods, the most innovative is certainly the reinforcement based on the application 
of Carbon Fiber Reinforced Polymer (CFRP materials) [3]. In the present work two different set of 
specimens have been manufactured: the first set consists in brickwork walls reinforced by structural 
mortar (MR), the second one is reinforced by CFRP. In order to evaluate the creep behaviour, these 
specimens are led to failure trough fatigue cycles. Cyclic fatigue stress has been applied to acceler-
ate the static creep and to forecast the corresponding creep behaviour of masonry structures under 
static long-time loading. To analyse the damage evolution in the masonry elements during the tests, 
the AE technique is utilized. This technique is a very effective non-destructive methodology useful 
to identify damage in masonry structures [4-6], and permits to evaluate the energy released during 
fracture propagation. The AE time dependence leads to obtain information on the damage growth 
during the tests [7]. The damage evolution during fatigue compressive loading can be also inter-
preted by AE frequency signal analysis [8]. In this way, the AE technique seems to be very effec-
tive to assess the stability of historical masonry under service conditions. The results of short term 
AE monitoring can be used to predict stable or unstable creep damage propagation. 

Experimental Program  

Brickwork walls, measuring 250x250x120 mm3, are strengthened by two different reinforcement 
methods: a double layer of structural mortar (MR), or two CFRP sheets applied on both the external 
surfaces of the specimens (Figs. 1a and b). The tests are conducted in shear loading condition sub-
jecting the walls to fatigue cycles up to failure. Every reinforced specimen was equipped by six AE 
sensors (frequency range detection: 80800 kHz) to detect the AE signals during the tests and by a 
couple of displacement transducers for each side in order to measure the horizontal and vertical dis-
placements (see Fig.1c). 
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Figure 1: Brickwork walls reinforced by structural mortar (MR) (a), or by (CFRP) (b). Loading scheme and 
AE sensor array. The specimens have been tested in diagonal compressive condition (c). 

Strengthening technique and failure modes 
The recommendations of ASTM (1981) [9] and RILEM (1988) [10] describe an inclined compres-
sive loading for masonry elements to estimate the diagonal tensile strength. In this work, in order to 
compare the two strengthening techniques, the diagonal loading condition is used to perform the 
cyclic tests for CFRP or MR reinforced walls. As shown in literature, during static tests on masonry 
walls, subjected to diagonal compressive loading, the principal stresses, one compressive and the 
other tensile, are inclined by 45° to the longitudinal axis and the bed joint, respectively [8,11-12]. In 
this case, the tensile stress generates a main diagonal crack [8,13]. Similar conditions take place 
during the fatigue tests. During the fatigue cycles, performed on specimens strengthened by double-
sided mortar layers, the diagonal crack is accompanied by a separation between the two mortar lay-
ers and the brickwork surfaces. The failure mode changes considerably when the retrofitting is real-
ized by CFRP sheets. The transversal dilatation is confined by the CFRP action [8]. The failure 
takes place through a ripoff mode between the inner part of the masonry block and its external sur-
faces [14]. Figure 2 provides the schene for calculating the stress and strain behaviour during in-
clined compressive loading conditions.  The shear stress  can be calculated by (Fig. 2a) [10]: 

2P bt  , 
 

(1) 

furthermore, considering the normal strains generated by the diagonal in-plane load as principal 
strains. The maximum shear strain max can be computed according to the Mohr’s circle (Fig. 2b) 
[14]: 
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Figure 2: (a) Generic shear strain definition sketch;  is equal to 45°, P is the applied force, b is the 
lateral length and t is the specimen depth. (b)  Mohr circle for the vertical (v) and horizontal (h) 
deformations. 

Creep behaviour on reinforced specimens by fatigue tests  
Usually, the creep behaviour is obtained maintaining a constant load during the test. Another way to 
evaluate the creep phenomenon is to subject the specimens to fatigue tests. In this case, the speci-
men is subject to rapid and cyclic changes in the applied load [15]. In our experiments a value equal 
to 50% of the peak load, assumed on the basis of results derived from ad hoc tests, was selected for 
the loading cycles. The frequency of the load cycles is equal to 2 Hz for each tested specimen. The 
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number of cycles corresponding to the ultimate conditions are equal to 1.4105 in the case of 
specimen MR01 and 2.2105 for specimen MF01. 

Damage time dependence during AE monitoring  
In Fig. 3a and b, the shear strain behaviour computed using Eq.2 and the AE counting number vs. 
time are referred to MR and CFRP specimens. In both cases the AE cumulative curves show behav-
iours very similar to the typical creep curve. Observing the strain vs. time curves reported in Fig. 3a 
and 3b, only the first two typical phases of creep behaviour can be observed. On the other hand, 
considering the cumulative numbers of AE events for MR01 and MF01, the three phases of creep 
phenomenon can be well recognized. For specimen MR01, the tree phases correspond to the inter-
vals: 0t/tmax0.1; 0.1t/tmax0.82; and 0.82t/tmax1. For specimen MF01, the three intervals are 
respectively: 0t/tmax0.3; 0.3t/tmax0.82; 0.82t/tmax1. It is interesting to note that, both in the 
case of MR01 and MF01 specimens, the tertiary phase starts for t/tmax 0.8. As a matter of fact, in 
correspondence to this value, an increasing slope in the cumulative numbers of AE events begins to 
start (Fig. 3a and 3b). In particular, the time dependence of AE counting number N can be expressed 
as a power-law [7]. 

  tttNN 
maxmax  . (3) 

The t exponent assumes a very important meaning. For t lower than one, the damage growth is 
stable this means that the specimen is in the primary phase far off the collapse conditions. For t = 
1 the damage growth is metastable, and for t  1, the damage growth is unstable, i.e. the collapse is 
imminent in the tertiary phase see Fig. 3. These three regions are indicated in Fig. 3a and b and 
correspond to three different values of exponent t. The increasing slope during the last stage of the 
test made it possible to indicate the beginning of the unstable damage growth and predicts the pos-
sible failure of the specimens starting from t/tmax 0.8. In this way, the AE data analysis led to pre-
dict the time to failure of the masonry, taking into account the damage and the evolution of the cu-
mulative AE number [7,8,16]. 

 
 
 
 
 
 
 
 
 

Figure 3: Cumulative AE and strain behaviour for specimens MR01 (a) and MF01 (b). 

AE frequency decay during damage evolution 
A shift of AE signal frequencies is observed during the fatigue tests. To describe this AE frequency 
decay related to the different phases of the damage evolution, the Frequency Centroid Spectrum 
(FCS) of each AE signal is computed during the tests. The FCS is defined as [17,18,8]: 

2 2

1 1

( ) ( )
f f

f f

FCS P f f df P f df     , 
 

 (4) 

where f1 and f2 are the minimum and the maximum values of the AE sensor frequency range 
(80800 kHz), the variable f is the frequency, and P(f) is the power spectrum. In Fig. 4 the FCS var-
iation for the two specimens is evaluated over the normalized time t/tmax. The time histories of FCS 
are subdivided into two parts corresponding to different stages of damage. The frequency decay is 
represented by the slope in the linear best-fit of FCS data (see Fig. 4). The first part is comprised in 
the intervals 0 ≤ t/tmax ≤ 0.8, and 0 ≤ t/tmax ≤ 0.85 for MR01 and MF01 specimen, respectively. Dur-
ing this phase, the FCS starts from 330 kHz shifting to 212 kHz for MR01, and starts from 350 kHz 
shifting to 287 kHz for MF01. The first part evidenced in the graph of Fig. 4 corresponds to the 
primary and secondary creep phases obtained by AE time dependence (Fig. 3). In the second part of 
the graph an abrupt change in the slope of the best-fit curve is observed. This ultimate phase starts 
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from t/tmax 0.8 for specimen MR01 and from t/tmax 0.85 for specimen MF01. Also in these cases, 
the bi-linear data best-fit is related to the results shown in Fig.3 for the tertiary creep regime. A sud-
den decay in the AE frequency is observed, and reaches values equal to 97 kHz for MR01, and 
equal to 164 kHz for MF01.  The shift from high to low frequencies, particularly in the phases of 
the tests just before failure, describes the sudden transition from diffused micro-cracking to loca-
lized macro-cracks, which characterizes the failure in the reinforced masonry walls as already ob-
served for concrete [19]. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: FCS shift vs. t/tmax for specimens MR01 (dashed line) and MF01 (continuous line). 

Conclusions 
In this work an experimental analysis on a set of strengthened masonry walls under fatigue tests has 
been carried out in order to evaluate creep effects.  The different phases of damage evolution are 
recognized through the analysis of AE data over time. In particular, the time dependence of AE 
counting number is useful to indicate the beginning of the unstable damage growth and predicts the 
possible failure of the specimens at the 80% of the test duration.  Furthermore, a sudden decay in 
the AE frequency is detected during the last phase of the fatigue tests. These results illustrate the 
applicability and the advantages of AE technique for the monitoring of long-term damage growth in 
strengthened masonry. 
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