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Abstract 
The work presented in this paper constitutes a part of a research project (OPERHA) aimed 

at developing and testing a system for strengthening historical buildings in Europe and the 
Mediterranean Area. Several materials for strengthening masonry walls were evaluated. Among 
these materials are the ones presented in this paper, which are composed of E-Glass textile, 
combined with local natural (slag) lime binder, and basalt textile, combined with either cement-
based mortar or natural lime binder. Samples of strengthened masonry walls were tested for their 
out-of-plane flexural behaviour under cyclic loading.   

It was found that using fibre textile – mortar system for strengthening improves 
substantially the out-of-plane seismic performance of masonry walls. This improved performance is 
manifested by increase in flexural strength and significantly enhanced energy absorption and 
dissipation capacities. The use of low strength lime mortar binder resulted in better seismic 
performance when compared to industrial cement mortar binder.   

Keywords: Fiber-Reinforced Polymers, Masonry, Mortar, Seismic, Strengthening, 
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INTRODUCTION 

The use of fibre reinforced composites or fibre reinforced textiles for 
strengthening masonry structures have been gaining attention recently. Among the 
notable work in this area are the studies reported by Triantafillou and co-authors1-4. 

The research presented in this paper constitutes a part of a comprehensive research 
project (OPERHA) dealing with the design, development, and testing of a system for 
structural strengthening of historical buildings in Europe and the Mediterranean Region. 
One objective of the study was to evaluate different alternatives for materials selection to 
satisfy strength, ductility and durability requirements. In this context, several types and 
combinations of textile materials and mortar binders were tried.  Among these materials 
are the ones presented in this paper which are composed of E-Glass textile with non-
alkaline mortar binder obtained using local natural (slag) lime, and alkaline resistant 
basalt textile with cement-based mortar or natural lime mortar. The effectiveness of these 
materials for seismic strengthening of sandstone or brick masonry walls against out-of-
plane bending are presented and discussed. In addition to the textile reinforced masonry 
(TRM) specimens (using basalt or E-glass with cement-based or lime mortar), companion 
specimens strengthened using steel wire mesh (WRM) were also tested for comparison. 
Experimental results obtained using other combinations of textile – mortar binders and 
masonry walls (including hollow core concrete block walls) under static and cyclic 
loading are reported elsewhere5.  

EXPERIMENTAL PROGRAM 

Test Specimen 

The specimens were composed of wall segments constructed using brick or 
sandstone masonry. Dimensions, weight, and compressive strength of the stones in the 
direction in which the walls were loaded are presented in Table 1. Dimensions of the 
specimens and position during testing are shown in Fig. 1.  Depending on the dimension 
of the stones, the width of the wall segments was 30 cm for the sandstone wall, and 20 cm 
for the brick wall, respectively.  

Table 1: Properties of masonry stones 

Stone type Dimensions B x H x T 
(cm) 

 Weight per one   
 stone (kg force) 

Compressive 
strength (MPa) 

Brick 20 x10 x 5.5    1.8 20.0 

Sandstone 30 x 10 x 20    10.5 8.0 

B = width of stone/wall specimen; H = depth of stone/wall specimen; T = thickness of stone 
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E-Glass, or BasaltTextile; or Steel Wire 
Mesh with Lime or Cement Mortar
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Fig. 1:  Reinforcement details and loading setup of the wall specimens 

Material Properties Used for Strengthening 

A combination of the following fibre textile-mortar materials was used for 
strengthening: Basalt textile with industrial cement mortar, and bitumen coated E-Glass 
textile with lime mortar. The basalt and bitumen coated E-Glass textiles and the cement 
mortar were produced by Fyfe – Europe specifically for the purpose of the OPERHA 
Project. The basalt textile was either uncoated, or coated to improve its manageability 
during construction. The E-Glass textile was coated with bitumen to increase its 
resistance against alkaline attack when it is used with cement-based material. Fig. 2 
shows samples of the textiles used. Material properties of the E-Glass and coated or 
uncoated basalt textiles are presented in Table 2. The industrial cement binder has a bulk 
density of 2200 Kg/m3, a 28-day modulus of rupture of 7 MPa, and a 28-day compressive 
strength of 36 MPa. The lime mortar was produced in the Structural and Materials 
Laboratory of the American University of Beirut (AUB) using a combination of local 
natural (slag) lime combined with industrial white cement, washed beach sand, and water. 
The proportions of natural lime-white cement-sand in the mix were 18.5%, 18.5% and 
60% respectively. The 28-day compressive strength of the lime mortar varied between 6.0 
and 9.0 MPa. The amount of water used in the mix was calibrated consistently for 
obtaining a workable mix. More details on the development and testing of the natural 
(slag) lime mortars used in the current study are presented elsewhere6.  
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Fig. 2:  Samples of fibre textile and wire mesh 

Table 2: Properties of textile mesh  

Property Bitumen Coated E-Glass 
Textile 

Coated/Uncoated Basalt 
Textile 

Weight 260 g/m2 (Uncoated) 
290 g/m2 (Coated) 

192 g/m2 (Uncoated) 
220 g/m2 (Coated) 

Grid Spacing 25 mm 25 mm 

Net Grid Spacing 23 mm 23 mm 

Tensile Strength 54 kN/m 66 kN/m 

Fracture Strain 2.9% 3.15% 

Elastic Modulus 70 GPa 89 GPa 
 

In addition to the fibre textile material, a strengthening system composed of steel 
wire mesh combined with the cement mortar binder was tested for comparison. The wire 
mesh (see Fig. 2) has a weight of 360 g/m2 of surface area, grid spacing of 13 mm, wire 
diameter of 0.5 mm, rupture strain of 0.025 and tensile strength of 28.0 kN/m. 

A summary of the specimens’ designation along with the test parameters is 
provided in Table 3. 

Steel Wire 
Mesh 

Uncoated 
Basalt 

Coated 
Basalt 

Bitumen 
Coated 
E-Glass 



CSHM-3; 11-13 August 2010, Ottawa-Gatineau, CANADA P a g e  | 23 

Harajli, “Masonry Walls Strengthened Using Fibre Textile-Mortar System: Experimental 
Evaluation of Out-of-Plane Cyclic Response”, 5/13 

Table 3: Summary of wall specimens’ designation and test parameters 

Specimen 
Designation 

Wall 
Type 

Type of 
Reinforcement 

Type of 
Mortar 

Width 
B(cm) 

Depth 
H(cm) 

SS-G-Lime Sand 
stone 

Bitumen Coated E- 
Glass Textile 

Natural 
Lime 30 10 

SS-B-Cement Sand 
stone Basalt Textile Industrial 

Cement 30 10 

SS-B-Lime Sand 
stone Basalt Textile Natural 

Lime 30 10 

SS-WM2-Cement Sand 
stone 

Steel Wire 
Mesh(two layers) 

Industrial 
Cement 30 10 

Br-G-Lime Brick Bitumen Coated E-
Glass Textile 

Natural 
Lime 20 10 

Br-B-Cement Brick Basalt Textile Industrial 
Cement 20 10 

Br-B-Lime Brick Basalt Textile Natural 
Lime 20 10 

Br-WM1-Cement Brick Steel Wire Mesh 
(one layer) 

Industrial 
Cement 20 10 

Note: All specimens have a span length of 100 cm; all specimens were reinforced with one Layer of textile or 
wire mesh, unless indicated otherwise. 

Specimen Construction 

The un-reinforced masonry wall (URM) segments were first constructed by 
mounting the stones (sandstone or brick) on top of each other using an approximately      
5 mm thick lime mortar binder of the same type used for strengthening. The walls were 
stored in the laboratory for a minimum of 7 days before the strengthening application. 
The typical procedure used for the application of the mortar-textile strengthening system 
on the already constructed masonry walls can be summarized in the following 
consecutive steps (Fig. 3): 
(i) Prepare the textile or steel wire mesh by cutting segments of the mesh having 

width equal to the width of the wall specimen, and length of about 140 cm.   
Because the wall specimen was relatively short, the length of the textile or wire 
mesh was selected about 200 mm longer than the total length of the specimen for 
wrapping the textile or wire mesh around the edges of the wall for improving the 
bonding action between the reinforced mortar and the substrate.  

(ii) Prepare the industrial cement mortar mix in accordance with specifications, or the 
lime mortar in accordance with the percentages described earlier.  

(iii) Spray water on the already constructed wall segment. 
(iv) Apply about 5 mm thick layer of the mortar (lime or cement) on the masonry wall, 

then place the textile fabric or wire mesh, as applicable, along the wall face and 
press it against the mortar surface. Because of the cyclic nature of load application, 
the textile or wire mesh and mortar were applied on both faces of the wall. 
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(v) Apply another 2-3 mm thick layer of the same mortar to cover the textile or wire 
mesh. 
Only one layer of the textile mesh was used in all TRM specimens, while one or 

two wire meshes were used in the WRM specimens. Note that it took on the average 
about 30 minutes to strengthen one specimen.  

 

Fig. 3: Procedure for masonry strengthening 

Testing Procedure and Measurements 

The specimens were loaded in four-point bending as shown in Fig. 1. Testing was 
conducted at least one month after the strengthening application. All tests were carried 
out in a stroke controlled mode with incrementally increasing deflection of 1 mm after 
every complete cycle in accordance with the load protocol presented in Fig. 4. The cyclic 
loading was continued until total loss of the load resistance and/or failure of the 
specimens. Test measurements included wall deflection at midspan and applied actuator 
load. 
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Fig. 4:  Loading protocol for the cyclic test 

DISCUSSION OF RESULTS 

General Behaviour and Mode of Failure 

Typical representative modes of failure of the specimens are presented in Fig. 5.  
All textile strengthened specimens (TRM) showed tensile cracks in the mortar at the 
tension side of the wall. These cracks were more evenly distributed along the wall length 
in the early stage of the response for the case when the mortar was composed of lime as 
opposed to the few cracks that concentrated near midspan when the mortar was composed 
of industrial cement.  The wall specimens strengthened using steel wire mesh (WRM) 
developed fewer cracks at midspan when compared to the TRM specimens leading to 
concentration of deformation at mostly one single crack. As the load increased, the tensile 
crack(s) grew wider leading in several specimens to a complete tension separation of the 
masonry blocks. The flexural compression force across the wall section was thus 
concentrated at the upper tip of the blocks.   
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Fig. 5: Typical modes of failure 

Most of the TRM specimens experienced fracturing and separation of the mortar 
and detachment of the textile along the wall length extending from the support towards 
midspan. This mortar-textile detachment in the intermediate stage of the response allowed 
the textile strain to spread more evenly along the wall length. Irrespective of the type of 
textile used (E-Glass, or basalt), the mortar-textile detachment was more pronounced for 
the lime mortar as opposed to the industrial cement mortar.  

The final failure mode of the TRM wall specimens generally occurred due to a 
combination of the following: excessive opening of the cracks between the blocks at one 
or two locations, transverse peeling of the textile - mortar composite due to the transverse 
displacement of the masonry stones relative to each other, and combined localized tension 
– transverse shear fracturing of the textile fibres. Specimens which developed a single 
crack (mainly those with cement mortars) failed prematurely due to the shear fracturing 
of the fibres at the crack location (Fig. 5) leading to a lower load capacity of the wall 
when compared with their companion specimens. Note that for all TRM specimens, the 
fibres stress concentration and associated combined shear fracturing and tensile failure of 
the textile mesh (due to transverse displacement of the masonry blocks relative to each 
other and/or widening of a single crack) resulted in a lower load capacity of the walls that 
would have been expected if the fibres developed their full tension capacity. 
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Sandstone – E Glass  
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Sandstone – Wire 
mesh (two layers) 

with cement mortar 



CSHM-3; 11-13 August 2010, Ottawa-Gatineau, CANADA P a g e  | 27 

Harajli, “Masonry Walls Strengthened Using Fibre Textile-Mortar System: Experimental 
Evaluation of Out-of-Plane Cyclic Response”, 9/13 

All the textile reinforced specimens showed ductile behaviour, manifested by the 
large deformation and/or energy absorption and dissipation capacities. The WRM 
specimens mobilized considerably lower deformation capacity than the TRM specimens 
due to the sudden fracturing of the wire mesh close to midspan during the very early 
stages of the response. 

Load-Deflection Response 

Figs. 6 and 7 show the cyclic response along with the backbone (envelope) load-
deflection responses of the strengthened sandstone and brick wall specimens, 
respectively.   

 

Fig. 6: Cyclic and envelope load-deflection response of the strengthened sandstone walls 

The envelope response consisted generally of four stages of behaviour, similar to 
the response of concrete members experiencing flexural failure: (i)  a stiff initial stage 
from zero applied load until the mortar-textile composite cracks in tension; (ii) a post-
cracking stage with approximately linear load-deflection behaviour and reduced stiffness, 
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during which the mortar starts to break and the textile detaches progressively with 
increasing deflection until reaching the peak load; (iii) a stage of approximately constant 
load with increasing deflection.  The development of this stage depends on the extent to 
which the tensile strain of the textile-mortar composite spreads along the tension face of 
the specimen before failure (ex. TRM specimens with lime mortar); and finally (iv) a 
stage of progressively diminishing load resistance associated with the progressive 
fracturing of the fibres in a combined shear-tension mode due to excessive crack 
widening and possible transverse displacements of the masonry stones.  

It can be seen in Figs. 6 and 7 that the cyclic response of the strengthened walls is 
similar to the response of structural concrete members when subjected to load reversals.  
Compared to URM walls which have negligible load resistance and energy dissipation 
capacity when subjected to out-of-plane bending, it is evident that the use of textile 
reinforcement in the TRM specimens limited the growth of the tension cracks between 
the stones leading to a considerably improved seismic performance. This improved 
performance is supported by the relatively sizable increase in the envelope flexural 
strength, controlled stiffness and strength degradation with increasing cyclic 
displacements, and the reasonably large energy absorption and dissipation capacities.  

 

Fig. 7: Cyclic and envelope load-deflection response of the strengthened brick walls 
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The ratio of load capacity (applied load P or flexural strength) to the self-weight of 
the specimens varied between a minimum of 7 times (Specimens SS-B-Lime, SS-B-
Cement, Br-B-Cement) to as high as about 12 times (Br-B-Cement).  This increase in 
flexural strength was however less than the strength that would have been developed if 
the textile fibres developed their full tension capacity. On the other hand, because the 
tensile strength of the steel wires was completely developed at flexural failure of the 
specimens, the increase in load capacity of the WRM walls was 8 times and 18 times the 
self-weight of the wall for specimens Br-WM1-Cement and SS-WM2-Cement, 
respectively. Note that because all wall specimens tested have identical depth of 10 cm, 
the load capacities of the sandstone walls, having a width of 30 cm, were on average 
higher than the load capacities of their companion brick walls, having a width of 20 cm. 

The maximum displacement capacity at peak load of the TRM specimens, taken as 
the average between the compression and tension cycles, varied between a minimum of 
10.0 mm (Specimen SS-B-Cement) to a maximum of  about 16 mm (SS-G-Lime, Br-B-
Cement), 20 mm (SS-B-Lime, Br-B-Lime) or 27 mm (Br-G-Lime). These displacements 
correspond to a lateral drift of 1.0%, 1.6%, 2.0% and 2.7% of the wall height, 
respectively.  

While the WRM specimens with two layers of steel wire mesh acquired the 
highest strength gain, they failed in a rather brittle mode by fracturing of the wires early 
in the response and after the application of only few cycles. The displacement at peak 
load was less than 0.4% for specimens with two meshes and less than 0.2% for specimens 
with one mesh. 

All specimens tested experienced pinching in their cyclic response. This pinching 
occurred primarily due to the tension separation of the blocks under bending, but more 
importantly due to the shear deformation associated with the transverse dislocation of the 
blocks relative to each other.  

The energy absorption and dissipation capacity and the stability of the cyclic 
response depended on the extent of pinching and the amount of deflection mobilized by 
the specimens before starting to lose strength. Examining the envelope responses in Figs. 
6 and 7, it can be seen that for both the sandstone and brick walls, irrespective of the type 
of mortar used (lime or cement-based), the basalt TRM specimens performed 
approximately similar to the bitumen coated E-Glass TRM specimens. However, it is 
interesting to observe that considering the combined attributes of strength and ductility, 
lime mortar performed slightly better than the cement-based mortar by allowing the wall 
specimens to mobilize approximately equal strength but higher deformation or energy 
dissipation capacity.   

Among all the different strengthening systems evaluated in this investigation, the 
system composed of basalt textile - lime mortar binder (Ex. Specimens SS-B-Lime and 
Br-B-Lime) appears to develop the most stable cyclic response of the walls, the highest 
energy absorption and dissipation capacities and the best combination of wall strength 
and ductility possible. 

CONCLUSIONS 
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Based on the results of this experimental investigation, the following conclusions 
can be drawn: 
1. When subjected to out-of-plane bending, textile reinforced masonry (TRM) walls 

fail in a combination of the following modes: excessive widening of one or two 
cracks, transverse detachment of the textile-mortar matrix due to the transverse 
displacement of the blocks relative to each other, and combined transverse shear - 
tension fracturing of the textile fibres. The specimens which developed a single 
crack, mainly those with stiff cement-based mortars, failed prematurely due to the 
shear fracturing of the fibres at the crack location leading to a lower load capacity 
of the wall when compared with their companion specimens.  

2. Irrespective of the type of stone, mortar, or textile used, for all TRM wall 
specimens, the progressive breaking of the fibres in a combined shear-tension 
mode associated with excessive crack widening and possible transverse 
displacements of the masonry stones resulted in a lower load capacity of the walls 
than the one that would have been developed should the fibres develop their full 
tension capacity. 

3. When subjected to out-of-plane cyclic loading, the TRM wall specimens exhibited 
a substantially increased strength, a stable hysteretic behaviour, low stiffness and 
strength degradation with number of cycles, and sizable energy absorption and 
dissipation capacities, leading to a substantially improved seismic performance 
when compared to un-reinforced masonry walls (URM).  

4. The envelope flexural out-of-plane load capacity of the TRM specimens varied 
between a minimum of 7 times to as high as about 12 times the self-weight of the 
walls. 

5. The maximum envelope displacement capacity at peak load of the TRM 
specimens relative to the wall height (Drift Ratio) varied between a minimum 
1.0% to a maximum of 2.7%.  

6. While the steel wire mesh reinforced specimens (WRM) acquired the highest 
strength gain (those with two steel meshes) compared to the other strengthened 
wall specimens, they failed in a rather brittle mode by fracturing of the wires in the 
early stages of the response and after the application of only few cycles.   

7. Among all the different strengthening systems evaluated in this investigation, the 
system composed of basalt textile - lime mortar binder (Ex. Specimens SS-B-Lime 
and Br-B-Lime) appears to mobilize the most stable cyclic response of the walls, 
the highest energy absorption and dissipation capacities and the best combination 
of wall strength and ductility possible. 
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 The Impact Resistance of Masonry Units Bound with Fibre 
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Abstract 
It is well established that most construction materials behave differently under static and 

dynamic loading.  The stress rate sensitivity of concrete, steel and rock has been intensively 
investigated. However, the literature on the impact resistance of masonry joints is scarce, 
particularly with regard to bond behaviour using fibre reinforced mortars. This paper describes the 
stress rate sensitivity of masonry units consisting of sandstone blocks bound with fibre reinforced 
Type S mortars. A drop weight impact machine was used to generate stress rates in the range of 1 
kPa/s to 108 kPa/s. The dynamic impact factor and stress rate sensitivity were evaluated for the 
flexural strength of the mortar and the bond strength and further, the pattern of failure was noted for 
each mix and loading rate. Based on a related study, polypropylene micro-fibres were incorporated 
at 0%, 0.25% and 0.5% volume fraction into the mortar. Results show that the impact resistance of 
the masonry units increased in the presence of fibres. However, the stress rate sensitivity of the 
bond strength decreased with an increase in the fibre content. Also, where as the mode of failure in 
those masonry units bound with plain mortars was through fracture at the mortar-block interface, 
the addition of fibres transferred the failure plane to within the sandstone block.  

Keywords: Drop-Weight Impact, Type S mortar, Masonry, Polypropylene Fibre, 
Sandstone, Stress-Rate Sensitivity 
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INTRODUCTION 

The rehabilitation of stone masonry buildings for seismic resistance requires a 
quantitative knowledge of the dynamic response of the masonry unit and its components. 
The quasi-static response of masonry joints are well established [Rao et al., 1996; Pluijm, 
1997; Gemert et al., 2003].  They are known to depend upon the type of mortar and 
possess a post-peak residual bond strength [van der Pluijm, 1997]. However, very little is 
known as to the rate sensitivity of masonry joints. Burnett et al. [2007] conducted the first 
such study under dynamic tension on clay bricks bonded with lime-cement mortar. Using 
a split hopkinson pressure bar, they found a dynamic impact factor of 3. Subsequently, 
Hao and Tarasov [2008] quantified the response of similar mortar and clay bricks under 
dynamic compression. To the authors’ knowledge, the present study is the first on the 
stress rates sensitivity of the flexural bond in a masonry unit, particularly with stone block 
and fibre reinforced mortar. Given the limited data on the stress rate sensitivity of 
cement-lime mortars, the authors drew lessons from existing literature on the dynamic 
response of Portland cement concrete. The Comité Euro-Beton has described the strain 
rate sensitivity of concrete in tension as a bilinear model [CEB-FIP, 1990] with high 
strain rate response beyond 30/s. Malvar and Ross [1998] reported that the CEB-FIP 
model underestimates the dynamic impact factor (DIF) for strain rates below 30/s and 
modified the rate sensitivity model as follows: 

𝐷𝐼𝐹 = ( �̇�
�̇�𝑠

)𝛿 for 𝜀̇ ≤ 1 𝑠−1 ...(1a) 

𝐷𝐼𝐹 = 𝛾( �̇�
�̇�𝑠

)1 3�  for 𝜀̇ > 1 𝑠−1  ...(1b) 

where, 𝜀�̇�=10-6/s, log γ = 6δ-2, 𝛿 = 1

1+8𝑓𝑐
′

𝑓𝑐𝑜′

 with f’c = 10MPa ...(1c) 

The improvements to the mechanical properties of concrete due to fibre 
incorporation are well known [ACI-544.R1, 1996; Bharatkumar & Shah, 2004]. Short, 
discrete, polymeric fibres increase the energy dissipated by concrete under impact 
loading, sometimes exceeding in DIF over steel fibres [Bindiganavile & Banthia, 2001]. 
While microfibres may enhance the aggregate-paste interface [Bentur & Alexander, 
2000], in a stone masonry joint it is not just the strength but also the possible changes to 
the failure mechanism which define the composite response. The research program at the 
University of Alberta forms a two phase study to investigate the dynamic resistance of 
stone masonry units. A lime-Portland cement mortar was investigated first, to be followed 
by a study of hydraulic lime mortars at a later date, since the latter takes longer to cure. In 
order to ensure against test variability, locally available sandstone blocks were used 
throughout this program. In this paper, the first phase involving joints based on plain and 
fibre reinforced Type S lime-cement mortars are examined. Commercially available 
polypropylene microfibers were introduced at 0.25% and 0.50% volume fraction to 
render three mortar mixes together with a reference plain mix. These mortar mixes were 
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characterized in quasi-static compression to ascertain reference mechanical properties. 
The stress rate sensitivity of the flexural response of such mortars was established, 
followed by an evaluation of rate effects on the flexural bond in masonry units. An 
instrumented drop-weight impact tester was utilized to generate the high stress rates, upto 
108 kPa/s. The post-peak response of the flexural bond was characterized along the 
standard guidelines for fibre reinforced concrete, through flexural toughness factors.  

EXPERIMENTAL DETAILS 

Materials and Composition 

Sandstone blocks local to Alberta (Figure 1a), were used to prepare the masonry 
units reported here.  They were bound using a Type S cement mortar designed to achieve 
a 28 day compressive strength of 15 MPa. The chemical composition of the Type S 
cement binder as adopted from the manufacturer is shown in Table 1. The mortar was 
designed as per CSA A 179-04 [2004]. 

Table 1 Chemical Composition of Type S Cement Binder (% mass) 

CaCO3 SiO2
* Ca(OH)2 CaSO4 MgO CaO Portland Cement 

20-50 <10 0-20 5-10 0-4 0-1 30-75 
* crystalline silica 

The Type S mortar was proportioned with water : Type S cement binder : fine 
aggregates in the ratio of 1:2:6 by mass and was in accordance with ASTM C 144 [2004]. 
The water-to-binder ratio was suitably adjusted to achieve a slump flow in plain mortars 
within 100-115% in order to meet the workability criterion per CSA A 179-04 [2004]. A 
blended sand was used as the fine aggregate, to meet the grading criterion as shown in 
Figure 1b. This gradation is particularly designed to ensure superior durability in the 
context of historic stone masonry [Maurenbrecher et al., 2001]. Polypropylene 
microfibres were introduced as the discrete reinforcement at dosage rates of 0.25% and 
0.50% by volume fraction. These fibres are illustrated in Figure 2. 

  

Figure 1. a) Sandstone Block; b) Grain Size Distribution of the Fine Aggregate in Mortar  
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Specific Gravity 0.91 

Fibre Length 
(mm) 20 

Density ( kg/m3) 910 

Tensile Strength 
(MPa) 450 

Modulus of 
Elasticity (MPa) 3447 

Denier 3 
 

 
 

Figure 2 Polypropylene Microfibres used in this Study 

Specimen Preparation 

The mix proportions for the plain and fibre reinforced mortar are listed in Table 2. 
They were mixed in a mortar mixer with rotation about the horizontal axis to ensure 
satisfactory blending of the fine aggregate, Type S cement binder, water and microfibres. 
The mixing sequence, so crucial to achieving the desired workability was as follows: 
First, 2/3 of the mix water was added to the mixer with half the fine aggregates and the 
entire Type S binder. After 2-3 minutes of mixing, the remaing sand and water was added 
with additional 8-10 minutes of mixing. At this point, for the fibre reinforced mortars, 
polypropylene microfibres were added to the mixture. These fibres were fluffed through 
an air-jet to ensure maximum dispersion in the mix. After 2-3 minutes of further blending, 
the workability of the fresh mortar was determined by using a flow table as per ASTM C 
1417 [2007], and shown in Figure 3. Whereas the slump flow in plain mortars was as 
required by the standard, introducing fibres led to a significant drop (Table 2). However, 
no change was made to the mix composition or the proportion to restrict the number of 
variable parameters during analysis. A certified mason helped supervise the preparation 
of mortars in this research program. 

 

Figure 3. Workability of Mortar Mixes as Determined by a Flow Table 
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Table 2 Mix Design of Masonry Mortar  

Mix & Designation 
Fibre 
Content 
(% Vf) 

Type S 
Cement  
(kg/m3) 

Sand 
(kg/m3) 

Water 
(kg/m3) 

Slump Flow 
(%) 

Plain Mortar or 
0.00% Vf Fibre (F0) 0 400 1200 200 106 

0.25% Vf Fibre (F1) 0.25 400 1200 200 37 
0.5% Vf Fibre (F2) 0.5 400 1200 200 23 

 

The Type S mortar mixes were cast into cylinders (with 100 mm diameter and 200 
mm height) and prisms with dimensions of 100 mm x 100 mm and 350 mm long. The 
masonry units were built to have the same dimension as the mortar prisms to simplify the 
test setup (Figure 4). Two sandstone blocks (100 mm x 100 mm x 150 mm) were joined 
with Type S mortar to produce each masonry unit.  While the blocks were sawn to ensure 
plane faces and straight edges, one square face was chisseled to produce a rough surface 
on each block and the masonry unit prepared to measure 350 mm in length and have 
dimensions identical to the mortar beams. Care was taken to moisten the chisseled stone 
surface prior to appying the mortar bond. Three cylinders were cast for each mortar mix, 
along with 3 prisms as flexural specimens per mix. With each mortar mix, three masonry 
units were cast to form flexural specimens.  In order to ensure consistency in test 
conditions, the cylinders, prisms and masonry units were cast from the same batch of 
mortar every time. The specimens were left in their molds at room temperature and 
humidity to be demolded after 7 days at which time, they were stored under ambient 
temperature and humidity (18-24 oC and 30-50 % relative humidity) for at least 28 days 
before testing. 

  
a) b) 

Figure 4 Schematic of Prisms for Flexural Testing of a) Mortar and b) Masonry Unit 

Test Setup 

Compression 

The sandstone and mortar cylinders were tested in a universal testing machine with 
a built-in load cell of 1000 kN capacity (MTS 1000). The cylinders were instrumented as 
shown in Figure 5a to derive the compressive stress-strain response together with axial 
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and transverse strains as per ASTM C469 [2001]. The loading surface was kept plane and 
parallel through sulphur capping. Three linear variable displacement transducers 
(LVDTs) were arranged at 120º about the longitudinal axis. Two others were placed 
diametrically along the radial direction at mid-height to evaluate the Poisson’s ratio. The 
data acquisition system obtained load, stroke and LVDT recording at 5 Hz. The test was 
conducted using a fixed rate of displacement at 1.25 mm/min as per ASTM C 469 [2001]. 

  

a) b) 

Figure 5. Quasi-Static Test in Progress: a) Compression of Mortar; b) Flexural Test on 
Masonry Units 

Quasi-Static Flexure 
The mortar prisms and masonry units were tested under 4 point flexure as per the 

configuration shown in Figure 5b based on ASTM C 1609 [2007]. Three replicates were 
tested for each mortar mix. A clear span of 300 mm was maintained for both mortar and 
masonry specimens. In order to ensure a known failure path, the mortar prisms were sawn 
to create a notch 12.5 mm wide and 2 mm wide at mid-span. Two LVDTs were attached 
on either side of the beam specimen onto a yoke according to the JSCE-G 552, [1999] in 
order to obtain the deflection of the neutral axis and account for support settlement, if 
any. The quasi-static flexural tests were conducted at a constant displacement rate at 0.1 
mm/min. A data acquision system was used to record data on the load, stroke and mid-
span displacement at 5 Hz. 
Dynamic Flexure 

An instrumented drop weight impact tester as shown in Figure 6 was employed to 
generate high rates of flexural loading. This test machine consists of a 62 kg hammer that 
may be raised to 2.5 m so as to generate a maximum of 1000 J. With each mortar mix, 
three mortar beams and three mansonry units were examined under impact from two 
separate heights namely, 250 mm and 500 mm. Ignoring friction, these drop heights were 
expected to generate an impact velocity of 2.20 m/s and 3.10 m/s, respectively. Such 
velocities correspond to low velocity impact loading and generate strain rates associated 
with seismic loading [CEB-FIP, 1990].  



CSHM-3; 11-13 August 2010, Ottawa-Gatineau, CANADA P a g e  | 39 

Islam, “The Impact Resistance of Masonry Units Bound with Fibre Reinforced Mortars”, 
7/14 

 

Figure 6. Drop Weight Impact Tester 

Since 4-point flexure is impossible to achieve under drop-weight impact, the 
dynamic tests were conducted in 3-point bending. The difference in response due to the 
altered load configuration was neglected. The striking edge of the impacting hammer, i.e. 
the loading tup, was instrumented with eight strain gauges to form the load cell. A 
piezoelectric accelerometer was attached below each specimen at mid-span (adjacent to 
the notch) to gather the acceleration history. The data from the load cell and the 
accelerometer were recorded by a data acquisition system at 100,000 Hz. Since a 
suddenly applied load generates an inertial response from the specimen, the inertial 
effects much be accounted for to evaluate the true stressing load experienced by the 
material [Chen & Sih, 1977]. The equivalent static response was derived based on the 
single-degree-of-freedom approach. The generalized inertial load on the specimen during 
impact, Pi(t), was evaluated as follows [Banthia et al., 1989]: 

𝑃𝑖(𝑡) = 𝜌𝐴𝑎0(𝑡) �1
3

+ 8(𝑜𝑣)3

3𝑙2
� ...(2) 

where, 
ao(t): acceleration at midspan of the beam at time t 
ρ : mass density for the beam material 
A: cross-sectional area of the beam 
l: clear span of the beam 
ov: length of overhanging portion of the beam  
Also, the velocity, νo(t) and displacements histories, do(t) at the load-point were 

obtained by integrating the acceleration history with respect to time.  
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𝜐0(𝑡) = ∫𝑎0 (𝑡)𝑑𝑡 ...(3) 

𝑑0(𝑡) = ∫ 𝜐0 (𝑡)𝑑𝑡 ...(4) 

RESULTS AND DISCUSSION 

Compressive Response 

As seen from Figure 7, the compressive strength of sandstone (averaged over 3 
samples) was about 27 MPa. The elastic modulus and Poisson’s ratio were 3800 MPa and 
0.22, respectively. The stress-strain response in compression for the Type S masonry 
mortar is shown in Figure 7b, with the mechanical properties evaluated as listed in Table 
3. The quasi-static tests were conducted at 500 kPa/s. The time history for Poisson’s ratio 
is shown in Figure 8 and values in the relatively constant, middle third portion of the 
response were taken to represent each of the three mortar types. The data indicates a drop 
in value with higher fibre content. Whereas the sandstone was about the same 
compressive strength as the mortars, the modulus of elasticity of the mortar was 
approximately 2.5 times that of the sandstone. The elastic modulus of the specimens with 
fibres was significantly less than that of plain mortar. However, the latter matched the 
findings by Hao and Tarazov [2009]. The shear modulus as evaluated from the modulus 
of elasticity and Poisson’s ratio were in the range of 3500 – 4000 MPa as shown in Table 
3. 

 a)  b) 

Figure 7 Compressive Response of a) Sandstone Blocks and b) Type S Mortar 

Table 3 Compressive Response of Plain and Fibre Reinforced Mortar 

Mix & Designation f’c (MPa) Ec  (MPa) Poisson’s ratio G (MPa) 

Plain Mortar or 0.00% Vf 

Fibre 22 9280 0.17 3970 

0.25% Vf Fibre 21 7535 0.09 3460 

0.5% Vf Fibre 21 7900 0.04 3800 
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Figure 8 Time History of Poisson’s Ratio for Type S Cement Mortar 

Flexural response 

Mortar 

The quasi-static response (representative curve from three replicates) of the Type 
S mortars is shown in Figure 9a, while their flexural impact response is shown in Figures 
10a and 11a for drop heights of 250 mm and 500 mm, respectively. Under quasi-static 
loading, note that there was no post peak residual strength carrying capacity for either 
plain or the fibre reinforced mortars. Further, where as the compressive strength for the 
three mixes were within a 10% spread, there was a 33% reduction in the flexural strength 
when the fibre content was raised from 0.25% to 0.50% volume fraction. However, under 
impact loading, the flexural strength was highest for the mix containing fibres at 0.50% 
volume fraction.  The mechanical properties as evaluated from the flexural response of 
Type S mortar and masonry units are summarized in Table 4.  

Masonry Units 

The quasi-static flexural response of the masonry units is shown in Figure 9b, 
while the response under impact loading is shown for a drop height of 250 mm and 500 
mm in Figures 10b and 11b, respectively. It is clear that fibre reinforcement consistently 
improved the flexural bond strength under all rates of loading. Of considerable 
significance was the failure mode in each case. Where as those units bound with plain 
mortar failed at the mortar-block interface (Figure 12a), the masonry units bound with 
fibre reinforced mortars consistently failed through fracture in the stone block (Figure 
12b). This transition in the mode of failure implies an improvement in the stone-mortar 
interface in the presence of discrete microfibres. Such an improvement is likely due to the 
improved packing of hydration products at the paste-rock interface through modified wall 
effect and moisture dispersion, which lead to a densified transition zone [Bentur & 
Alexander, 2000]. 
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 a)  b) 

Figure 9 Load-Deflection Response under Quasi-Static Flexure for a) Type S Mortar and 
b) Masonry Unit 

 a)  b) 

Figure 10 Flexural Load-Deflection Response under Impact from 250 mm for a) Type S 
Mortar and b) Masonry Unit 

 a)  b) 

Figure 11 Flexural Load-Deflection Response under Impact from 500 mm for a) Type S 
Mortar and b) Masonry Unit 
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 a)  b) 

Figure 12. Modes of Failure in Masonry Units Bound with a) Plain Mortars and b) Fibre 
Reinforced Mortars 

Table 4. Fl exural Response of Mortar Beams and MasonryUnits 

  Quasi Static Tests 
Impact Tests 
Drop of height 250 mm Drop of height 500 mm 

Specimen 
Fibre 
Content  
(%) 

Peak 
Load, 
kN 

FTF (MPa) 
Peak 
Load, 
kN 

FTF (MPa) DIF 
Peak 
Load, 
kN 

FTF (MPa) DIF 

Mortar 
Beam 

0 6.52 0.133 32.30 1.64 4.96 11.74 1.97 1.80 
0.25 7.40 0.133 25.79 7.79 3.49 14.00 3.89 1.89 
0.5 4.95 0.019 36.44 4.53 7.36 32.05 7.50 6.47 

Masonry 
Unit 

0 1.58 0.015 19.29 0.67 12.22 25.47 8.17 16.13 
0.25 2.08 0.026 22.04 1.16 10.58 28.00 14.53 13.44 
0.5 5.58 0.046 29.94 1.11 5.36 32.76 11.12 5.87 

 

Flexural Toughness Factor 

The energy dissipated during flexure was evaluated through flexural toughness 
factors (FTF) as per JSCE-G 552 [1999] as follows: 

𝑇𝑓 = 𝐴.𝐿
𝛿𝑚𝑎𝑥𝑏ℎ𝑒2

          ...(5) 

Where, Tf is the flexural toughness factor (N/mm2); A is the area under the load-
deflection curve up to a deflection, δmax, of L/150 (N-mm); L is the beam span (mm); δmax 
is 2 mm; b is the effective width of the specimen (mm) and he is the effective depth at 
notch (mm).  

While the FTF was always higher in fibre reinforced mortars, this was more 
apparent under impact from the higher drop height (Figure 13). However, for the masonry 
units, the FTF values revealed an optimal fibre content, in this case at 0.25% volume 
fraction. Note that the addition of fibres consistently increased the flexural bond strength 
in the masonry units. Clearly, there lies a trade-off when it comes to improving the bond 
between the mortar and stone block – as the fracture plane switched from the mortar-
block interface to within the stone block, the masonry unit became more brittle. 
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Figure 13. Flexural Toughness Factor for Type S Mortar and Masonry Units 

Rate Effects  

The stress rate sensitivity was expressed in terms of the dynamic impact factor 
(DIF) and is shown for the flexural strength of mortars in Figure 14a. The Malvar-Ross 
modification to the CEB-FIP model expressed in Equation (2) is shown alongside. 
Research by Hao and Tarazov [2008] has shown a 10% drop in the quasi-static modulus 
of elasticity in lime-cement mortar for the range of strain rates in the present study. 
Nevertheless, the quasi-static measure of elastic modulus from Table 3 was considered 
acceptable to generate the bilinear expression from Equation (2) in Figure 14a. Note that 
the Type S mortars were more rate sensitive than the modified CEB-FIP expression. 
However, the role of fibres on stress rate sensitivity of the mortar strength was not clear 
from this study.  

 a)  b) 

Figure 14 Stress Rate Sensitivity of a) Flexural Strength of Type S Mortar and      b) Bond 
Strength of Masonry Unit, Shown for Various Fibre Contents  

The dynamic impact factors for the flexural bond strength of masonry units are 
shown in Figure 14b. For the three mortar mixes investigated, it is clear that adding fibres 
decreased the rate sensitivity of the bond. Further, the stress rate sensitivity of the flexural 
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bond strength was higher than that for the flexural strength of the mortar alone. The 
dynamic impact factors were significantly higher than those reported by Burnett et al. 
[2007], and this is likely due to the typically higher values associated with the drop-
weight impact test technique. 

CONCLUSIONS 

Based on the results reported here, the following conclusions may be drawn: 
1 The dynamic response of plain and fibre reinforced Type S mortars are sensitive to 

high stress rates. However, models developed for concrete such as the modified 
"Comité Euro-Beton" (CEB-FIP) expressions underestimate the stress rate 
sensitivity of the flexural strength of Type S mortar. 

2 The flexural bond strength was more sensitive to stress rate than the flexural 
strength of the mortar at similar drop heights. However, the addition of fibres 
consistently decreased the rate sensitivity of the flexural bond strength. 

3 The addition of polypropylene microfibre to the Type S mortar transforms the 
mode of failure of sandstone masonry units from failure at the stone-mortar 
interface to fracture within the stone block. 

4 Due to the trade off between higher bond strength and lower flexural toughness 
factors, there exists an optimal dosage of fibres that may be added to Type S 
mortars in order to achieve the maximum bond energy at high stress rates. 
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Abstract 
The protection of a historical monument such as the well known Aachen cathedral, which is 

one of the UNESCO World cultural heritage sites, requires innovative methods combined with the 
basic rules of preserving such important buildings. 

Textile reinforced concrete (TRC) is a highly sophisticated possibility to produce thin-
walled and durable high load bearing structural elements, which can be either used for erecting new 
buildings or also for retrofitting or strengthening existing structures.  

In the course of repairing an approximately 100 year old historically important mosaic 
within the cathedral a crack through the major structure was noticed. Due to the fact that the origin 
of this crack as well as possible crack-movements, which would lead to a damage of the mosaics, 
are mainly unknown, the crack movements have to be limited. The concept of the restoration 
presented in this paper includes the strengthening of the structure by two stainless steel anchors in 
combination with a crack bandage made out of TRC. This solution meets the two major 
requirements – a minimum of invasive actions during the application of the crack bandage and 
maximizing the use of historical materials. 

Keywords: World Cultural Heritage Site, Crack Bndage, Textile Reinforced Concrete, 
Structural Strengthening, On-Site Application 
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AACHEN CATHEDRAL – OVERVIEW 

Aachen cathedral is located directly in the heart of Aachen and also called 
“Imperial Cathedral”. The church is the oldest cathedral in northern Europe and was 
known as the “Royal Church of St. Mary at Aachen” during the middle ages. The 
construction of the church was started by Charles the Great around 800. In 805 the church 
was consecrated by Pope Leo II in honor of Virgin Mary. Nine years later, on January 
28th 814 Charles the Great died and was buried in a vault of the cathedral. Between 936 
and 1531 all German Kings were crowned in the cathedral. 

The floor plan of the cathedral witnesses the constant change of the cathedrals’ 
importance. One of the unscathed elements of the construction is the Carolingian octagon 
with a maximum height of 34.40 m and a span of 14.45 m. The octagon is surrounded by 
a two-story 16-edge gallery. The octagon is surrounded by the nave, which is located east, 
and by five irregularly shaped chapels, which are mainly built as two-story gothic 
buildings. 

  

Figure 1: left: aerial view of the cathedral; right: nave, octagon and chapels from the east 
side 

In 1656 large parts of the cathedral were destroyed by a fire storm in Aachen. Due 
to the financial situation of the city of Aachen, the immediate rebuilding of the church 
was done in a simple way; after the rise of the city to one of the most important spa towns 
in Europe, which was encountered by an increase of wealth, the church was garnished 
with elaborate mosaics and plastering. In the 19th century the cathedral was refitted again 
which culminated in the Byzantine wall decorations of the old Carolingian building. Also 
the church bells were completely destroyed within the fire storm and so seven of the eight 
recent bells are dated back to the time after 1656. The eighth and largest bell (total weight 
of 5800 kg), bell of Virgin Mary, is dated back to 1958. 
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Due to its importance to history the cathedral was announced an UNESCO world 
heritage site in 1978. It was one of the first 12 items to make the entry into the UNESCO 
list of world heritage sites, as the first German and one of the first three European 
historical ensembles. 

  

Figure 2: Photographs of the inside of the octagon 

 

Figure 3: Sectional drawing and floor plan of Aachen cathedral indicating the cracked 
area and the position of the steel anchors – the bandage will be applied on the roof (height 

of the roof: ~ 20 m) 

During the last 30 years many parts of the cathedral required an intense 
restoration, which was finished approximately 5 years ago. Approximately 3 years ago 
the Byzantine mosaics on the inside of the octagon were cleaned and repaired for the first 
time after the erection around 1900. During these activities a crack going from the roof of 
the galleries of octagon to the basement was noticed. On the inside of the octagon the 
crack ended directly below the mosaics. It was also detected that various attempts of 
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closing the crack in the past, e.g. filling the crack with mortar or lead, were not successful 
and additionally the crack still shows some movement – probably mainly due to changes 
of the climatic conditions during the year. So any larger crack movement would lead 
again to a massive damage of the mosaics on the inside.  

  

Figure 4: Photographs of the crack through the roof above the octagon 

In collaboration with a structural engineer and the building authority of the 
cathedral a concept of minimizing the crack’s movement in combination with sealing the 
crack had to be developed. A global structural analysis was not carried out because it can 
be assumed that the crack has its origin in the changes of the structure of the cathedral 
during the erection of additional buildings approx. 200 years ago. The actual crack 
movements are thus mainly due to thermal effects but underground movements cannot be 
ruled out completely.  

These boundary conditions (cultural heritage, crack origin and crack movement) 
lead to the following requirements: 
• Observance of the guidelines of preserving culture heritages such as Aachen 

Cathedral during the whole process of retrofitting 
• Strengthening of the foundations of the cathedral necessary 
• Minimizing the crack movements as well as sealing the cracked area required 
• Strengthening the global structure by allowing load transfer over the crack 

necessary 
• No corruption of the static system in the case of any large underground 

movements 
• Use of highly durable materials 

Based on the previously mentioned conclusions the following concept for the 
retrofit was developed: 
• Installation of two massive stainless steel anchors in the area of the foundations in 

order to reestablish the load-bearing ability of the foundation.  
• Connecting the crack within the area of the roof with a high strength crack 

bandage 
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Within the following the installation of the steel anchors will not be covered, but 
the development of the crack bandage. Besides the already mentioned conditions, the 
design of the crack bandage has to be done under the consideration of the following 
requirements: 
• if possible “traditional” materials should be used 
• minimizing intrusions into the existing structure 
• maximum height of 30 mm 

This total set of boundary conditions lead to the conclusion that the crack bandage 
has to cover the crack completely and should only be attached on the surface of the 
existing structure so that the tensile forces are introduced into the substrate by sheer 
forces. Due to the restrictions of the building authority the crack bandage cannot be made 
out of GFRP or CFRP because of the polymeric matrix. The matrix has to match the 
requirements concerning traditional materials and so the matrix material has to be 
cement-based. In order to assure a highly durable system with a maximum thickness of 
30 mm, the reinforcement can only be made out of stainless steel or carbon due to 
corrosion protection requirements. In this case a flexible reinforcement was feasible 
because the reinforcement has to be adjusted to the irregular shape of the cathedral during 
the application. This combination of a cementitious matrix with textile reinforcement is 
also known as textile reinforced concrete.  

TEXTILE REINFORCED CONCRETE – OVERVIEW  

Textile reinforced concrete (TRC) represents a new construction material, offering 
several additional advantages compared to steel or fiber reinforced concrete. These 
advantages dominate in those fields of applications where highly durable but flexible, thin 
structural elements with a high load carrying capacity are required. 

TRC is a combination of the well-known short fiber concretes and traditional steel 
reinforced concrete. While short-fiber concrete contains uni-directional reinforcement 
made out of e.g. steel, glass or carbon, textile reinforced concrete contains discrete 
reinforcement (like traditional steel reinforced concrete) but uses high-strength textile 
materials such as glass or carbon fibers. These materials have a much higher strength than 
regular steel and primarily due to the lower diameter of the materials this type of 
reinforcement enables thin, high-load bearing constructions. 

   

Figure 5: left: steel reinforced concrete; middle: short fiber concrete; right: textile 
reinforced concrete 
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The smallest unit of textile reinforcement is a single filament, which diameters 
vary between 10 and 30 µm. These filaments are produced out of melted raw materials by 
pulling the liquid material through a high-temperature resistant colander. After this the 
single filaments are combined to a so-called roving – a bundle of several hundreds or 
thousand filaments. These rovings are classified by the linear density “tex” = 1g/km. A 
typical AR(alkali-resistant)-glass roving consists out of approximately 1560 filaments 
with an average diameter of 27 µm, corresponding to a linear density of 2400 tex. 

  

Figure 6: left: AR-glass roving 2400 tex; left: 2D-Textile made out of AR-glass rovings 
(2400 tex) 

The basic material used as reinforcement in cementitious matrices is usually 
alkali-resistant glass. AR-glass contains a higher zirconium concentration in order to 
increase the resistance of the glass against corrosion due to the high pH of cementitious 
matrices. Even the reinforcement is called alkali resistant glass there is a strength loss due 
the alkalinity of the concrete /1/, /2/. Usually the reinforcement is impregnated with 
reactive coatings, e.g. warm-hardening epoxy resins. The impregnations lead to an 
increase of the tensile strength and the reduction of the strength loss. The increase of the 
tensile strength is due to the activation of all individual filaments by transversal load 
distribution and additionally by bridging filament breaks in the longitudinal direction. The 
strength loss is not reduced to zero because the polymeric impregnation does not provide 
a full barrier against alkali attack. If an even higher strength than AR-Glass is required, 
carbon fibers can be used, which do not change the tensile strength due to an alkaline 
environment.  

The reinforcement is used as single rovings or as 2D-textiles – as shown in 
figure 6. Usually the spacing of a textile is between 7 and 15 mm depending on the 
maximum grain size of the mortar and the required tensile strength.  

DEVELOPMENT OF A TRC CRACK BANDAGE – MATERIALS  

As described above the matrix of the crack bandage has to be cementitious under 
the restrictions given by the building authorities. The Institute of Building Materials 
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research was already involved in various projects dealing with the repair of historic 
buildings as well as various projects dealing with the repair of Aachen Cathedral. So the 
cement matrix was originally developed as joint filling mortar used during stone 
replacements of historical masonries and has proven its functionality within several 
projects in and around Aachen /3/. The mortar was developed according to the 
requirements of the conservation authority and does not contain modern additives, such as 
super plasticizers. The addition of cement was accepted because it was proven that with 
traditional binder systems the required strength and properties could not be achieved. 
Within the presented project the mortar composition was changed and adapted due to the 
facts that the originally developed mortar had a low viscosity and was not developed for 
the use with textile reinforcement.  

Table 1: Composition of the mortar used for the TRC crack bandage 

 Cement Fat lime 
Slag/ 
Trass/ 
Silica 

Lime 
stone 

Sand < 
0.6 mm Fibers Water/ 

Binder 

M-% / Binder M-% / Cement Vol-% - 
M6b5 

35 20 45 25 75 
0 

< 0,81) M6b5 with 
fibers 1 

1) adjustment of the viscosity by the amount of water 

Due to the optimization of the original mortar the cement matrix as shown in 
table 1 is a high viscous system, which allows the application with a putty knife even on 
an angular surface. Table 2 gives an overview of the mechanical properties of the mortar. 
These properties were determined by prismatic specimens according to European norm 
series – 40 x 40 x 160 mm³. First the bending strength is determined in a four point 
bending test and after the bending test, the compressive strength is determined on both 
halves with a rectangular pressure disk with a size of 20 x 20 mm².  

As mentioned before, the crack bandage should not only serve as a load bearing 
bandage but also as a sealant of the crack. So a minimum crack width of the cementitious 
matrix was feasible. The reduction of the crack width should be achieved by the use of 
short fibers. Within the research two different mixtures with different fibers were 
developed and investigated. As different fiber types Carbon and PVA were used. The 
investigated fibers have an overall length of 8 mm and in total 1 % by volume were added 
to the mixture.  

The results of the investigations reveal (see table 2) that after 28 d the mechanical 
properties of the mixtures with fibers show no distinct influence of the fibers. But it can 
also be noticed that the strength of the mixtures increase noticeable after 28 d additional 
curing. Also the specimens made with PVA fibers showed after the four point bending 
test no distinct cracks and the specimens did not fall apart even the maximum force was 
reached. This result corresponds completely with the original idea of an effective 
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reduction of the crack width and at the moment the mixture with PVA fibers is the most 
feasible mixture for the crack bandage.  

Table 2: Properties of the mortars used for the TRC crack bandage 

 Compressive Strength 
[N/mm²] 

Bending strength 
[N/mm²] 

Shrinkage1) 
[mm/m]  

Age at test 7d 28d 56d 7d 28d 56d 90d 
M6b5 10.2 20.3 n.d. 2.6 4.6 n.d. 1,87 
M6b5 with Carbon n.d. 16.1 25.5 n.d. 4.5 4.1 n.d. 
M6b5 with PVA n.d. 16.5 27.3 n.d. 4.2 5.4 n.d. 

1) determined after 90d; storage at 23 °C/ 65 % RH 

As basic material for the reinforcement carbon was chosen, because of the lack of 
an adequate durability of AR-glass in a cement based matrix. The carbon reinforcement 
was used in three different ways: as single roving with a linear density of 1600 tex, as 2D-
textile based on a 1600 tex roving with a spacing of 10 mm and as impregnated 2D-
textile. The resin used for the impregnation is a warm hardening epoxy resin – so called 
PrePreg system (PREimPREGnated). The hardening of the resin after the impregnation 
process was performed at 120 °C for duration of 2 hrs.  

The tensile strength of the non-impregnated reinforcement was determined to 
1550 N/mm².  

DEVELOPMENT OF A TRC CRACK BANDAGE – BASIC DESIGN 

The preliminary design (especially the required reinforcement area per meter) of 
the crack bandage was done with the premise that the shear strength of the adhesion zone 
is lower than the maximum tensile strength of the bandage. So, if the crack movement is 
larger than expected a failure of the bandage will occur and the bandage will not overload 
the ancient structure by transferring too much load to the substrate, which would lead to 
an adjacent crack and even more damage of the historic structure. Also the bandage will 
keep up the sealing until it will be replaced.  

The only unknown at the moment is the shear strength of the interface zone, which 
is required to determine the final reinforcement ratio of the bandage. The shear and 
adhesion strength of the substrate material will be determined within the scope of the 
application of the TRC bandage. This way seemed to be the least intrusive way for the 
whole roof construction.  

INVESTIGATIONS OF THE COMPOUND MATERIAL 

In order to determine the compound performance, two different types of reinforced 
specimens were used. On one hand prismatic reinforced concrete beams – length: 
700 mm; width: 70 mm; thickness: 30 mm – were used in order to investigate the tensile 
strength.  
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On the other hand custom made crack-bridging specimens were used. These 
specimens were made on the basis of the German repair guidelines (RL SIB) and shown 
in the next figure. The dimensions were chosen according to previous investigations with 
mortar based crack bandages.  

 

Figure 7: Test specimen for investigating the crack bridging behavior of a mortar based 
crack bandage 

The fundamental idea behind the shape of the specimens is a close to reality setup 
while investigating the crack bridging properties of the TRC bandage. The substrate is 
made out of concrete (C20/25 – compressive strength (cubic specimen): 25 N/mm²), in 
order to prevent a failure of the substrate or the adhesion on the substrate during the 
laboratory tests. The adhesion of the mortar on the natural stone of the cathedral has been 
proven in previous investigations and thus was not a part of the current research. The 
crack in the concrete beam is introduced in the concrete before the crack bandage is 
applied by bending the beam upside down. In order to keep the two halves together, two 
steel rods are installed in rubber tubes.  

The concrete haunch above the crack represents the small trench in the vicinity of 
the crack on the roof of the cathedral – as depicted in figure 4. This concrete haunch is 
retrofitted with a low grade mortar, which can not hinder the movement of the TRC 
bandage. The TRC bandage is then laminated on top of the specimen in three layers.  
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Figure 8: schematic drawing of the test specimen with an applied crack bandage 

As described previously the textile reinforcement was used as roving and 2D-
textile. In order to reduce the slippage of the single rovings, the rovings were prestressed 
before they were embedded in the concrete – see following figure. As reinforcement ratio 
200 rovings per meter (in two layers) was chosen. 2D-Textiles show per se a reduced 
slippage so a prestressing of the textiles is not necessary. The technology shown in 
figure 9 was developed so that it could be used in the field if necessary. 

  

Figure 9: left: test specimens with attached frame and possibility to stress the 
reinforcement: right: specimens during the laminating process 

After the concreting the specimens are stored at 23 °C under a wet fleece and soft 
PVC foil for duration of 14 days. After this the specimens were stored at 23 °C and 
65 % RH for another 14 days. At an age of 28 days, the specimens were tested in a uni-
axial tension test.  

Before installing the specimens into the test rig, the steel rods are removed from 
the specimens. The load is introduced into the crack bandage only by the concrete 
substrate. The connection of the concrete halves to the test rig is done by stiff steel frames 
which are glued to the concrete with a two component, high viscosity epoxy resin. The 
test is performed at a constant deformation rate of 0.5 mm/min. The deformation within 
the cracked zone is measured with two external LVDT’s.  

The tests reveal that all specimens with non-impregnated reinforcement show no 
crack distribution at all and the reinforcement is pulled out of the specimens. The 
specimens made with the epoxy impregnated reinforcement show a nice crack 
distribution but the cracks are still too large.  

The reduction of the crack width and crack distance could be encountered by the 
use of the previously mentioned PVA fibers. The cracks within the PVA-mortar are 
nearly invisible until the tensile strength of the mortar is reached, after that the crack 
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bandage has reached its maximum strength even the reinforcement is not destroyed yet. 
The maximum tensile strength of the mortar (determined in prismatic and compound 
specimens) is 4.5 kN/m, which corresponds to approximately 30 % of the maximum 
tensile strength of the reinforcement. Within all compound tests, the failure of the test 
specimens was achieved by the failure of the adhesion of the TRC on the concrete. This 
failure mode is in accordance to the designed failure mode.  

  

Figure 10: left: Test specimen before the tensile test; right: Detail of the test specimen 
with impregnated reinforcement after reaching the maximum load 

DEVELOPMENT OF A TRC CRACK BANDAGE – APPLICATION 
DETAILS 

As shown before, the fundamental idea of a textile reinforced crack bandage, 
which hinders the crack from opening and destroying the inside of the cathedral could be 
proven in the laboratory. Due to the climatic conditions the application of the TRC 
bandage can be performed not until the temperatures are constantly above 5 °C and so the 
current time table schedules an application in May 2010.  

Figure 11 shows the cross-section of the TRC bandage based on the laboratory and 
theoretical investigations. Mainly the design of the bandage and the crack-bridging 
specimens is very similar.  

In order to have a continuous monitoring of the elongations within the bandage 
and an indication whether the bandage is still functional or has been overloaded and has 
to be replaced, internal strain gauges will be installed in the TRC bandage. Due to the low 
strength and Young’s modulus of the mortar, it was questioned whether the internal strain 
gauges with measuring length of 50 mm are activated or not.  
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Figure 11: Schematic drawing of the application of the TRC crack bandage on the roof 
of Aachen Cathedral 

 

Figure 12: Schematic drawing of the applied TRC crack bandage with internal strain 
gauges (the position of the strain gauges will be varied) 

The following graph shows the force-elongation curves of a prismatic specimen 
(Mortar M6b5) recorded with an internal strain gauge and with external strain gauges at 
the same time. It can be seen, that the difference between the recorded elongations is 
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negligible and the internal strain gauges seem to be a neat way of monitoring the status of 
the TRC bandage. 

 

Figure 13: Results of the comparison of an external and internal strain gauge (left picture 
in the graph – internal strain gauge)  

CONCLUSIONS AND OUTLOOK 

The presented investigations lead to the following conclusions:  
• Textile reinforced concrete offers an excellent possibility to preserve an important 

historic building with a minimum of intrusion to the structure by combining 
modern reinforcements with materials, which match the requirements of 
conservation of ancient monuments, e.g. regarding durability.  

• Textile reinforced concrete is able to serve as a crack bridging bandage, which is 
able to transfer loads between the two crack banks and also tighten the crack 
against the ingress of water.  

• The design of the TRC bandage was performed under the consideration that a 
failure of the adhesion of the bandage in case of any large crack movements is 
desired in order to prevent more damage of the historic structure. This 
performance could be proven in laboratory tests.  
The current schedule plans an application of the textile reinforced crack bandage 

on Aachen cathedral in May 2010.  
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 Polymer Composites for Rehabilitation of Heritage Timber 

Structures 

Kay-Uwe Schober 
Mainz University of Applied Sciences, Germany 

Abstract 
Rehabilitation and strengthening of timber structures desires efficient techniques and smart 

materials with a high load-bearing capacity. To obtain the benefits of these, an efficient connection 
between the structure and the reinforcing material is necessary. One solution is adhesive mounting 
to obtain an almost stiff bond line between the different components. Fiber reinforced materials 
(FRM) and epoxy polymer concrete can be effectively used to improve strength and stiffness of 
timber beams in different configurations and techniques to utilize the material efficiently and to 
ensure long service life, especially for timber heritage buildings.  

Polymer composites have been used externally bonded and also near-surface mounted, 
placing the reinforcement into pre-cut grooves in the tension region of the timber members as well 
as additional stiffness provider in the compression region. All composite partners have been revised 
according the material formulation, structural performance of the composites, fracture and 
delamination behavior. The successive failure of laminates in FRM strengthened timber structures 
has been treated by a layer-by-layer failure analysis. .The investigated application of polymer 
composites has been proposed for the use in historic buildings even the expense of the materials 
themselves are quite high. In fact, the expense of the whole structural application procedure is lower 
compared to traditional reconstruction systems shown in a practical reconstruction project of a 
heritage building. 

Keywords: Polymer Composites, Timber Structures, Polymer Concrete, Rehabilitation 
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INTRODUCTION 

In Europe, a high percentage of historical buildings exist, which can be led to an 
economic use through conservation of their precious construction substance. The actual 
statistical data of the housing supplies and percentage of timber structures in these 
buildings underline the relevance of the development of suitable reinforcement solutions, 
which can be applied in a simple and cost-saving manner at the construction site. The 
reasons for these reinforcements result mostly by static alterations like the removal of 
bearing structures, partitions for widening of useable room areas, as well as additional 
wall and ceiling breakthroughs. They involve often an increase of the floor loads or 
require an amelioration of the usability. An exchange of the ceiling joist by a new 
construction with higher bearing capacity implies huge costs and in historical buildings 
the loss of irreplaceable substance.  

The treatment of historical substance requires an intelligent solution and the 
application of building materials with high stiffness and low self-weight. Fiber reinforced 
plastics (FRP) prove to be clearly meaningful for the reinforcement of the tensile face of 
timber beams and high strength polymer concrete (PC) seems to be appropriate for 
reinforcement of the compression area. Premise for an effective exploitation of the 
positive properties of the smart materials is a very rigid composite joint. In timber 
construction with pen shaped connections, the significance of deformation of the semi-
rigid joints avoids the complete use of the high performance materials. Therefore, the 
objective of research was a stiff connection by near surface mounting (NSM). 

FRP REINFORCEMENT 

The creation of a larger section modulus for the increase of the load-bearing 
capacity and the reduction of the deflection is among others possible by reinforcing the 
existing construction with FRP. The construction work is exclusively done from the lower 
floor. This means that the removal of the inserted ceiling or of the flooring is not 
necessary. It allows the further use of the floor over the restoration area. The ceiling 
height will not be reduced as the FRP strip which is affixed with epoxy resin on the sound 
wood has only a thickness of a few millimeters. 

Conditions for gluing the strips are the lay open of the bottom of the timber beams, 
the carefully cleaned timber surface and a sustainable underground. If necessary, 
damaged spots have to be replaced. To establish a good adhesion on site the basic 
conditions like for production of glulam have to met, particularly the wood moisture 
content, the ambient air temperature and the surface temperature during the curing time. 
Normally, epoxy resins have a good bond with the timber surface and cure in a short 
period. The bond is capable of full bearing after one day hardening by normal room 
temperature.  

FRP lamellae can be transported furled as ring with a diameter of approximately 
one meter by hand without any problems to narrow working sites. The application follows 
by adhering the timber surface and the lamella. Pressure or a longer fixation is not 
necessary as epoxy resins harden nearly without leakage and the application can be done 
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under difficult construction conditions. Auxiliary constructions and opening of roofs or 
walls can be dispensed and huge cost saving can be obtained. In some cases the 
reconstruction works can not be done from the bottom side of the beams due to optical or 
fire protection reasons. Here, the FRP strips can be adhered concealed by covering the 
lamellae after adhering with additional wooden elements for example claddings or 
graving of the strip into the wood. A further option is the lateral reinforcement in the 
lower cross section in horizontal graves or vertical on the lower border (Fig. 1).  

All before mentioned alternatives were tested on building components. The beams 
with horizontal reinforcement on the bottom surface reached the highest cohesiveness as 
expected. The section modulus and the moment of inertia basically are influenced by the 
size of the construction element. By reinforcing the lateral border the effective height and 
so the interior distance of forces are most effective, whereas this effect is enforced by 21-
times higher stiffness values of the fiber composite materials. 

 
Horizontal 
on bottom   

Horizontal 
lateral in slot  

Vertical 
on bottom 

Figure 1: Tested reinforcement types. 

Fiber composites were investigated to reinforce wood as early as 1964 when 
E.J. Biblis [1] tested very small beams that were faced with fiberglass. Plevris and 
Triantafillou [2] investigated wood beams that were reinforced with non-prestressed 
carbon sheets. Magid et al. [3] investigated the bond strength between fiber composites 
and wood. The purpose was mainly for determining the bond strength between the 
laminations of glue laminated beams that are reinforced with fibers. After a nearly five 
year break in this research area, basic formulations have been developed for passive, non-
pressed FRP reinforcement using mostly carbon fiber materials to study the structural 
improvement for timber structures by Brunner and Schnüriger [4], Schober et al. [5] and 
Schober and Rautenstrauch [6], [7]. When using this technique the advantages of the 
utilization of carbon fiber reinforced synthetic materials are especially the low weight and 
low thickness of the reinforcement, almost all-fitting length, and no corrosion during the 
use and comparatively rapid application.  

For the tensile reinforcement different FRP’s like glass-fiber, aramid-fiber or 
carbon-fiber can be used. Recent investigations indicate carbon-fiber reinforced plastics 
(CFRP) are most adapted for the use in timber structures. Through the very high 
cohesiveness of the carbon fiber through very small sections, considerable tensile forces 
can be taken by the structure. At the end of the reinforcement zone the tensile forces are 
retransmitted back into the wood and lead in coactions’ with the compressive forces of 
the supports into high shear stresses. In the normal case these forces can be deviated as 
vertical forces into the supports. Thereby it is necessary that the CFRP strips proceed till 
the supports and a reinforcement of the mainly burdened bending area is sufficient. 
Damages of the beams in the bending area naturally have to be restored separately. In the 
bonding area tension peaks appear due to the different material cohesiveness of timber 
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and the reinforcement (Fig. 2). This has been described by Holzenkämpfer [8] and could 
be approved in own tests. The maximal effective fastening length has been confirmed to 
20 cm which also counts for adhered wooden structures. 

 

Figure 2: Adhesion of materials with different MOE like wood and FRP. 

PC REINFORCEMENT 

Contrary to the use of carbon fiber reinforced plastics in the tensile zone an 
additional possibility of the reinforcement is the enlargement of the compression zone by 
applying a polymer bonded layer on the construction the cross section. The conditions are 
similar as for bonding of FRP strips: a continuous rigid composite, the possibility to 
access the upper side of the beams (e.g. by open the flooring), the intactness of the 
bearing joist, respectively the restoration of the existing damages in the bearing joist and 
the cleaning and milling of the joist surface until sound wood layer. The forming can be 
done by applying a formwork on the lateral sides of the joists at the level of the necessary 
cross section. It can be realized as permanent formwork and so allow other typical timber 
process steps. The work on the construction is done exclusively from above and the lower 
part of the joist will be untouched. The floor under the construction site can be still used. 
The ceiling height will be decreased only as little as the laid coating has a few 
centimeters. The additional weight is low in comparison to the augmentation of the 
bearing capacity and the full strength is reached after one day of hardening by normal 
temperatures. The components for the production of the coating layer composed of resin 
and aggregate can also be transported in small units to narrow work sites and mixed there.  

Due to the variety of possible chemical composites and combinations of the single 
components a commercial product was taken for the investigations. The used resin for the 
production of the polymer concrete was a free of dissolvent, stable crystallizing low-
molecular epoxy resin with the trade designation Compono® 100 H. The hardener adapted 
for the product is a fluid, colorless to light yellow at room temperature polyamine adduct 
with the trade designation Compono® 100, which holds an average reactivity for the 
interlacing of the fluid epoxy resin. The mineral additive is composed of well graded 
gravel with a grain size of 0-4 mm. 
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Due to the high comprehensive strength and MOE only a few centimeters of PC 
are necessary for a considerable increase of the load-bearing capacity. The mean 
mechanical properties are shown in Tab. 1. Due to the preparation at the working site the 
concrete adapts exactly at the surface of the timber and its deformations or eventual 
discontinuities. As bearing elements normally have the largest bending in the area of the 
highest burden the blinding concrete can fulfill two functions on the same time. By the 
nearly self leveling dispersion in the upper side open formwork an adjustment of the 
flooring takes place and also the beam is clearly reinforced in the area of the largest 
bending moment. The fluid capable resin shows a good bonding behavior with cleaned 
timber surfaces and result in a rigid bond. 

Table 3: Comparison of PC with concrete following DIN EN 206-1. 

Property Unit PC Compono® RC C25/30 Comparison PC/RC 
Density g/cm³ 2.0 2.5 0.80 
MOE GPa 20 30 0.67 
Bending tensile strength MPa 30 5.5 5.45 
Compressive strength MPa 120 30 4.00 

 

STRUCTURAL PERFORMANCE AND VERIFICATION OF TEST 
RESULTS 

In experimental case studies CFRP has been used externally bonded to timber 
specimen and also near-surface mounted in the end-anchorage zone. To determine the 
allocation of the strain distribution, NDT measurement by digital close range 
photogrammetry and image processing was used to observe different specimens during 
the tests (Fig. 3). The test results have shown an asymmetric tensile stress distribution 
with normal conditioned stresses due to the high stiffness difference between the 
adhesive, timber and reinforcement. To describe the overall performance and the 
delamination process in the anchorage zone a special design model was developed and 
verified with small-size timber specimen tests [5], [9]. 

   

Figure 3: NDT measurement: telecentric camera objective and the marked specimen. 
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The typical strain distribution along the FRP with exponential increasing stress 
and the diametrical effect at the wood could be shown. It could be confirmed, that the 
shear strength depends on the length of the bond line. If materials with high MOE are 
mounted to timber, the effective bonding length could be confirmed around 200 mm. A 
numerical and analytical model (Fig. 4) using an interface damage law to describe the 
debonding failure and the bond-slip-rule, suitable for investigations of similar material 
configurations has been developed by Schober and Rautenstrauch [10]. 

   

Figure 4: Finite element mesh of the test specimen (left). A closer view of the bond line 
shows FRP debonding between resin and timber at high loading (right). 

To investigate the characteristics of PC-bonding, the adhesive behavior to timber 
has been investigated in several tests. The failure occurred always in timber. Therefore, 
the connection had to be considered as an effective rigid bond [11], [12]. Based on the 
consideration of the specialties in near surface mounting on wood adhesives a full size 
model was created. In comparison with several full size tests the performance and 
accuracy of the numerical model could be confirmed.  

SAMPLE PROJECTS 

Different practical examples of upgrading and reinforcing historical timber 
structures show that the described methods are practicable for use at the building site. 
However, a high level in skills and instruction of the operators, accomplishment and the 
control of the boundary conditions are needed because an adhesive connection cannot be 
tested after mounting. If the workmanship is well done, the amount is distinguished. For 
on-site acceptance testing of the bond line quality we refer to the guidelines given by the 
CEN Technical Committee 193 [13]. 

The first example is the rehabilitation and reinforcement of the main post of the 
Merseburg cathedral, Germany (Fig. 5). CFRP strips have been used in length direction 
on four sides of the post for structural upgrading due to insect attack and high bending 
moment from wind power in the damaged connection. 
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Figure 5. Damaged spire of the Merseburg Cathedral after strengthening with CFRP’s. 

Another example is the revitalization of Mansfeld Castle, Germany. For the new 
occupancy and floor design, an increase of the existing dead loads and the life loads for 
the structural design of the waffle slab above the “Blue Hall” was required. The main 
girders got a deflection of 9 cm over the past years. After removing of the ceiling cover, 
large longitudinal and inclined cracks in the girders were visible. Due to high loading 
from the secondary ceiling girders and the specific construction of the waffle slab, the 
combination of described reinforcement systems were chosen for the main girder - 
upgrading of the tension zone with carbon fiber strips and an additional PC layer on top 
(Fig. 6). The structural design was done using the developed finite-element model with 
cohesive law of the bond line [14]. When comparing the stress distribution over the 
section height (Fig. 7) small tension stresses in the polymer concrete layer are present in 
areas where the main girder section is cut off for the secondary girder joints. The 
magnitude of these stress peaks in the bond surface was calculated to 40% of the design 
value fcm,d and covered by additional four solid glass fiber rebar’s with a diameter of 
15 mm in the PC layer. 

     

Figure 6: Damaged waffle slab (left). Main girder with PC and CFRP reinforcement (r). 
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Figure 7. FE-mesh (left) and longitudinal stresses (right). 

CONCLUSIONS 

Reinforcement of predominantly bending loaded timber constructions can be done 
at the construction site in a relative simple, economic and very efficient way using low 
intrusion techniques and smart materials. Experimental and numerical case studies on 
partial and full size specimens have shown that a high load capacity of smart materials 
can be used for strengthening timber constructions with NSM. For static analyses the 
system can set with direct and rigid connection between the timber beam and the 
reinforcement material. So the strengthening becomes very efficient. Therefore, the 
application can be advised in historic buildings even the expense of the materials 
themselves are quite high. In fact the expense of the whole procedure often is lower 
compared to traditional reconstruction systems.  
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Abstract 
Experimental investigations about the behaviour of unreinforced masonry (URM) structures 

in comparison with masonry structures, sensor-embedded fibre reinforced cement (FRC) in a 
seismic wallpaper concept, is carried out on the large shaking table at the EU Centre in Pavia/Italy. 
The tests are part of the EU project Polyfunctional Technical Textiles against natural Hazards 
POLYTECT, POLYMAST and the EU research project SERIES which provides access to large 
seismic testing laboratories. POLYTECT (www.polytect.net) in specific develops sensors 
embedded textiles for geotechnical and masonry applications. This paper reports the validation of 
these textiles on a stone and mortar two storey structure similar to those damaged by the L’Aquila 
earthquake in early 2009 which struck central Italy. This earthquake which measured a 6.3 
magnitude caused 260 losses, 1,000 injured and 28,000 homeless. In the first test, the URM 
structure was analysed under seismic impact (accelerogram of L’Aquila earthquake). Further 
investigations will now take place on the retrofitted and reinforced masonry structure in a second 
test. The focus of this test is to characterise the performance of the reinforcing textile and the ability 
of the embedded sensors to capture data that enables the structural health monitoring (SHM) 
techniques. Parameters to be measured are: (a) the detection and localization of cracks using 
polymer optical fibre (POF) sensors and distributed measurement techniques performed under static 
conditions, (b) the detection and monitoring of crack openings dynamically using fibre bragg 
grating (FBG) sensors (c) the extraction of global information and mode shaped from the POF and 
FBG sensors.). The present work provides an overview of the tests and the results obtained on 2D 
walls in preparation for the full scale seismic test. 

Keywords: Multiaxial Textile, Fiber Reinforced Cement, Fiber Matrix System, Shaking 
Table Tests, Polymer Optical Fibre, Fiber Bragg Gratings 
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FAILURE MODES IN MASONRY 

To design and manufacture technical textiles optimal for seismic retrofit the 
fracture mechanism in masonry structures is very important. Generally there are seven 
decisive failure modes in the bricks and the mortar joints. In figure 1 these modes are 
presented on a representative wall.  

By applying fibre reinforcement on the wall surface one can observe a failure in 
the fibres, in the fibre matrix, the brick surface or in the interaction areas. Due to the fact 
that masonry has high compressive strength, but low tensile strength, diagonal cracks 
form due to a compression strut under lateral gas pass [5]. Not often the cracks are 
crossing the bricks. The reason for failure [6] and [7] is the different material behaviour 
from bricks and mortar. The soft mortar has a low Young’s modulus, but in comparison 
the brick is very stiff. As a result the mortar carries more lateral strain than the brick and 
with the interconnection, the adverse three dimensional load case compression-tension-
tension and the low tension strength occurs vertical or diagonal cracks [6],[7]. In most 
cases gaping cracks are developed if the tension forces are higher than the adhesive 
tensile strength between mortar and brick. 

If fibres are oriented such that they cross existing or potential crack locations, they 
provide resistance against tensile forces which can prevent or stop crack growth. 
Especially in sliding joints [2] diagonal fibres prevent the decrement of shear resistance in 
the wall. This is very important for in-plane loading and for the bracing system of a 
building in earthquake areas. The shear failure occurs by exceeding the adhesive shear 
strength of the mortar or uncommonly in the stones. Similar to the function of rebar in 
reinforced concrete the fibres more “bridge over” the cracks by providing tensile strength. 
However, the fibres do not improve the compressive strength. Different to reinforced 
concrete is the size of the crack width. Instead of millimetres the fibre reinforcement has 
to work in the centimetre region. Due to this reason the ductility of the fibre system has a 
high impact. 

 
Figure 1:  Common failure modes in  masonry structures 
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REINFORCEMENT MATERIALS 

The mortar matrix 

The different components of the matrix and the textile fibres are the main elements 
of this reinforcement method. Both should be designed to ensure maximum ductility. 
High adhesive tension strength on the stone surface and a high bonding with the fibres are 
required for any potential matrix. Different matrixes with different properties were tested 
at the Institute of Reinforced Concrete Structures (KIT) to determine their performance 
characteristics when used for the textile masonry composite system.  The matrixes tested 
were: a) one “soft” mortar with high ductility from BG Polymers, b) a high “stiff” epoxy 
resin system (“Sika 331 W”) and c) an epoxy surfacer with 3 components (“Sikagard 720 
EpoCem”). The first two compounds are an epoxy-dispersion and the last is a hard 
mineral granulation. The compression strength is approximately 40 N/mm² and the 
adhesive tensile strength is around 3-4 N/mm².  

Small shear tests in size 363 mm x 240 mm x 175 mm with three sand lime bricks 
and between 2 mortar joints were produced to simulate the shear failure [2] in masonry 
walls. The two outer stones were hold and loaded with a compression force in the 
horizontal direction so that the mortar bed joints got a normal force. For the displaced 
stone in the mid was measured the force and the displacement. These tests indicated that 
the best material solution is between the extreme cases high stiffness (epoxy system) and 
the high strain rate (BG Polymers). The reason why the cement based epoxy surfacer 
(“Sikagard 720EpoCem”) represented the best solution (figure 2) was a micro cracking 
and sliding crack direct over the bed joint. For a ductile behaviour very stiff or a soft 
material is able to reach the same deformation for this effect like a “singularity line”.  

While the Sikagard has a consistent load decline the BGP is on a lower strength 
level more volatile.  

The textiles 

With four main characteristics it is possible to construct a special textile for 
masonry: (a) Amount of fibre directions, (b) respective angle between the fibres, (c) 
single or different materials and (d) amount of fibres. For the last point you can calculate 
with the (fibre)-weight per m² the necessary tensile strength. Fiber selection is a design 
problem with polymer, glass, and carbon fibres being the primary material types.  
Generally, strip reinforcement calls for uniaxial stiff fibres with epoxy adhesive, and wide 
area coverage systems call for more ductile fibres in a multiaxial weave or warp knit 
pattern using a matrix compound adhesive carbon fibres with its low strain capacity are 
an unfavourable option, while the high tensile strength is advantageous. A better solution 
is a combination with polypropylene fibres (PPF) and AR-glass fibres (ARGF). The PPF 
have a high strain rate capacity till the full force is activated. The AR-glass fibres with 
high stiffness and tensile strength can overtake the first load until the strains reach the 
ultimate strain value and break. After breaking the PPF will be activated. Through the 
weight ratio of PPF and ARGF the ductility from the masonry and the textile is 
adjustable.  
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Figure 2:  Shear tests with different matrix 

The special weaving technique enables the production of multiaxial textiles with 
different fibre directions with user defined orientation angles. For different small shear 
and wall tests 2-axial, 3-axial and 4-axial textiles with integrated optical fibres sensors 
were produced and tested. The range of the weights per square meter was between 290 
g/m² and 590 g/m². The weight from the optimized textile was around 425 g/m² and had 4 
fibre directions. Especially for failure mode [2] fibres in 45° angel over the cracks can 
stabilize the shear resistance and this effect is very important for the ductile behaviour of 
the structure. In fibre direction (angle 0°) was employed “AR-glass 1200 tex” and 
“polypropylene fibres 660 tex”, in 90° angle only “AR-glass 1200 tex” and in angle 45° 
only “polypropylene fibres 660 tex” . 

The textile-stone-mortar composite acts like a laminar ductile tensile 
reinforcement. The optimal functionality is affected through the high adhesive tensile 
strength between the mortar brick interface, a lot of small cracks in the matrix without 
bonding decline, the stiff ARGF at the beginning and the ductile PPF after greater cracks 
in the masonry. 

The figure below is another shear test serial to test the different textiles. The 
matrix parameter is fixed but the textiles have different weights and fibre directions. In 
table 1 are 4 tested different biaxial or 4- axial textiles with different fibre weights per 
square meter, what effects the tensile strength. 

In comparison to the specimen without fibres, the “8300”-textile application 
reached the double resistance strength.  The high and consistent ductility level opponent 
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to the other textiles was the reason why we have taken this material for the wall and the 
shaking table tests. 

Table 1:  test parameter 

textile amount of directions weight hybrid 
8300 4 - axial 425 g/m² yes 
8000 4 - axial 306 g/m² yes 
4100 2 - axial 289 g/m² no 
Carbon 2 - axial - no 

 

  
Figure 3:  static parts from figure 5 &6 extracted 

EXPERIMENTAL WALL TESTS 

Experimental tests were conducted with different test specimens to select the best 
materials for the matrix-fibre-system. The small shear test specimens with three stones 
(363 mm x 240 mm x 175 mm) first simulated the failure mode [2] for walls with textile. 
Maintain tense consistency small wall test (1,25 m x 1,25 m) and big wall tests (2,5 m x 
2,5 m) were conducted. In these tests the different parameters were the mortar matrix, the 
textiles and the vertical load value. The shear loading in-plane was in the strong inertia 
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force direction with a vertical load between 0,2 and 1,0 MN/m². In the wall test 2,5 m x 
2,5 m the loading was more realistic, because a implemented moment control system for 
the two hydraulic pistons prevented against wall rotation. For the horizontal cyclic 
displaced head beam the displacement and the horizontal force were measured. The 
integrated optical sensors were fixed on the edges of the walls, like in figure 4. 

  

Figure 4: wall 1,25m  x 1,25 m                  Figure 5: wall 2,5m  x ,25 m 

To compare the difference between unreinforced masonry (URM) and reinforced 
masonry (RM) results from representative tests are shown below for the mortar-fibre-
system. The maximum resistance force of the URM wall was 138 kN and the maximum 
load of the RM structure was 232 kN. This is an increase of 68% through the 
reinforcement. But the more important effect is the increase of ductility of more than 
100%. 

  
Figure 6: hysteresis for the URM wall  

1,25m  x 1,25 m                  
Figure 7: hysteresis for the RM wall  

1,25m  x 1,25 m                  

In figure 8 only the static parts are extracted for better comparison. And the 
significant impact for ductility is clear. 
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Figure 8:  static parts from figure 6 &7 extracted 

SHAKING TABLE TEST(S) 

The full-scale test structure is motivated by like buildings damaged in the L'Aquila 
earthquake and is part of an ongoing investigation occurring at the EUCENTRE located 
in Pavia, Italy. The structure, constructed with natural stones and a size effect is 5,8 m 
high, 5,8 m long and 4,4 m width. An uniaxial shaking table simulated the L’Aquila 
earthquake (figure 10) with different amplification factors. 

The first small shear tests were conducted to optimize the textile and the mortar. In 
the next step different walls were tested to add different possible failure modes. The 
unreinforced structure was tested and brought to damage as the reference case. The 
damaged structure will be repaired as best possible, and then will undergo retrofit with 
the application of the sensor embedded textiles for comparison. The high performance 
test will be prepared in March with the fibre-matrix system. 

The test of the URM structure exhibited common failure modes. The wooden slab 
at the ground level was very soft leading to out of plane bending failures (1). Diagonal 
cracks trough the mortar joints (mode 5 from figure 1) and a joint sliding (mode 2) for the 
“in-plane” walls were the most important failure modes. The reason is that these walls are 
the bracing members for the whole building. Moving forward, the damaged building will 
be repaired and a retrofit with the optimal textile mortar combination will be conducted. 
The fibre-matrix-system as retrofitting tool has two objectives. The first is bridging the 
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cracks from the pre tests as retrofitting and the second is to increase the ductility and the 
shear strength as strengthening system. 

The last test will be finished in May 2010 and we will present the result during the 
conference. 

  
Figure 9: Two-storey stone masonry 

building tested at  shaking table of the EU 
Centre, Pavia, Italy 

Figure 10:  Sensor application for the 
masonry building 

 

  

Figure 11: Masonry building with textile application 
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Figure 13:  Acceleration data L’Aquila earthquake April 2009 

OPTICAL FIBER SENSORS 

The two different kinds of optical fibre sensors woven in the textile are “Polymer 
Optical Fibres” (POF) and “Fiber Bragg Gratings” (FBG). With these sensors it is 
possible to measure different mechanical properties out of the masonry structure, but also 
crack detecting for monitoring purposes is an advantage.  

Very high strain up to 40 % can be measured continuously distributed along the 
fibre using POF and the optical time domain reflectometry (OTDR) technique. Therefore 
cracks in the masonry from 1 mm width can be detected and localized [5]. POF sensors 
provide distributed measurements but require minutes for signal acquisition.  As such 
they are limited to static measurements but are an excellent tool for crack detection and 
localization.  In contrast, FBG sensors provide an average measurement over their sensor 
length (1 to 3 meters) but can be interrogated at high frequencies.  As such, they can 
provide dynamic information (e.g. natural frequencies and potentially damping) as well as 
crack detection.  

The wall tests indicated that the sensor orientation is very important, because only 
with direct crossing of the cracks good results can be reached for crack detection.  The 
ability to detect the building elastic response and to extract the building's natural 
frequencies and damping using the sensor-embedded textiles are open research questions 
for the test. 

To clarify the question about the accuracy of the measurement results, patch tests 
with different sensors were conducted. Different kinds of common strain measurement 
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stripes was glued on concrete beams, textile with FBG in the mortar matrix and one FBG 
sensor only fixed on two sides (figure 14 & 15). 

  
Figure 14: Test with concrete beams with 

glued sensors   
Figure 15: Strain Value dependent from 

time of the concrete beam tests 

CONCLUSIONS 

Sensor embedded reinforcing textiles provide the engineer with a new tool for the 
seismic retrofit of unreinforced masonry structures.  These multifunctional materials add 
strength, improve ductility, and provide the opportunity to conduct structural health 
monitoring.  The design, manufacturing, and testing of these textiles have occurred and 
are underway in the EU research project POLYTECT. Upcoming testing at the 
EUCENTRE will provide a valuable opportunity to assess the performance of these 
materials under realistic conditions.  

The shaking table tests on the real two storey structure will show, if we are able to 
retrofit damaged buildings with this new material. The additional new sensor system is at 
the beginning development steps, but for monitoring (SHM) purpose it is a very useful 
tool. 
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Abstract 
In the design and retrofit of existing structures to resist the effects of air blast loading or 

other severe dynamic loads, the structural members should be allowed to deform plastically to a 
certain limit of acceptable damage. This utilizes the strain energy absorbing capabilities and self 
inertial resistance of the members.  

Most structures are not specifically designed to resist blast loads.  Existing structures can be 
upgraded by applying fiber reinforced polymer (FRP) composites to the structural members. When 
applied properly, this upgrade scheme significantly increases the members’ load carrying capacity.  

An earlier series of carefully designed experiments subjected simply supported reinforced 
concrete members to blast loads in a shock tube. Based on the experimental data set, the current 
paper aims to theoretically investigate the blast resistance of concrete members upgraded with 
externally bonded high strength carbon fiber reinforced polymer (CFRP). Simulations using the 
finite element code LS-DYNA were performed to represent the responses of the upgraded concrete 
members, and comparisons are made between the experimental and the theoretical results.  

Keywords: Concrete Slabs, Retrofit, CFRP, Blast Loads, Numerical Simulations, Shock 
Tube 
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INTRODUCTION 

The structural performance of heritage structures in response to blast loads may 
differ from that of modern structures due to differences in materials used and/or from 
dated design standards and construction techniques. Heritage structures that are exposed 
to blast loads could fail (partially or as a whole) when the walls and the roof are subjected 
to large overpressures.   

In the design and retrofit of existing structures to resist the effects of air blast 
loading or other severe dynamic loads, it is not economical or feasible to limit structural 
response to the elastic range only. The structural members should therefore be allowed to 
deform plastically to a certain limit of acceptable damage, which better utilizes their 
energy absorbing capabilities. In order to theoretically study structural response under 
large plastic deformations, the use of numerical analysis validated by experimental data is 
conducted to better define the response and controlling design parameters. This permits 
detailed analysis of failure modes and extent of cracking, as well as quantifying various 
regions of overstress within the structural member. 

Most structures are not specifically designed to resist blast loads. As an alternative, 
existing structures can be upgraded by applying fiber reinforced polymer (FRP) 
composites to the structural members, which significantly increases the members’ load 
carrying capacity. An earlier series of carefully designed experiments subjected simply 
supported reinforced concrete (RC) slab members to simulated blast loads in a shock tube 
[1]. Based on the experimental data set, the current paper aims to theoretically investigate 
the blast resistance of concrete members upgraded with externally bonded high strength 
carbon fiber reinforced polymer (CFRP) composites.  Simulations using the finite element 
code LS-DYNA were performed to represent the responses of the upgraded concrete 
members, and comparisons are made between the experimental and the theoretical results. 
The results may provide a baseline for guidance of future predictive calculations of the 
dynamic response of concrete members upgraded with FRP systems. 

PREVIOUS EXPERIMENTAL RESEARCH 

The previously performed set of experiments [1] was used as reference for the 
numerical simulations. The experimental study focused on investigating the behavior and 
blast resistance of reinforced concrete slabs with compression steel only (i.e., lacking 
tension steel reinforcement) and upgraded with externally bonded CFRP. These 
experiments were designed to represent a scenario in which an explosion occurred 
underneath a concrete slab with a limited capacity to resist uplift motions. The slabs were 
2590 mm tall by 2440 mm wide and 100 mm thick. with a span of 2440 mm. The 
concrete was designed to have a compressive strength of 20.7 MPa. The reinforcement 
consisted of  ASTM A615 deformed steel reinforcing bars with a diameter of 9.5 mm (#3 
bars) and with a nominal yield strength of 414 MPa (60 ksi). The primary reinforcement 
was oriented along the longer span of the slab and used a rebar spacing of 250 mm on 
center with 13 mm bottom clear cover. Rebars in the transverse direction were spaced at 
406 mm on center and located just inside the primary reinforcement. This reinforcement 
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was located at the compressive side of the slabs, and no tension steel was provided at the 
tension side of the specimen. The composite upgrades were applied to the tension surface 
of the slabs. Results from tests with only two upgrade schemes were used for the purposes 
of this paper (i.e., 1 ply 50% unidirectional surface coverage of V-Wrap C200 carbon 
fiber composite or a 1-ply coverage of 100% ). The V-Wrap system was applied such that 
its strength direction was aligned with the primary reinforcement direction. For the 50-% 
surface coverage, the CFRP reinforcement was applied to the concrete surface as six 
equally spaced, 200-mm wide strips. The cured laminate tensile strength is         827 MPa 
with a modulus of elasticity of 48 GPa [1]. One test using a control slab without CFRP 
upgrades was also included in the test series.    

The blast tests were conducted at the BakerRisk’s large shock tube facility (Figure 
1). The shock tube consists of two major sections, a driver section and an expansion 
section. Blast pressures are generated when a rupture diaphragm placed between the two 
sections fails at a specified pressure in the driver section. A shock wave then propagates 
along the expansion section and loads the test specimen at the end of this expansion 
section. Using this configuration, the vertically mounted slabs were subjected to the blast 
load over a surface measuring 2440 mm by 2440 mm. A typical pressure-time profile 
obtained in the shock tube is shown in Figure 2. 

The applied blast load was registered using three pressure gauges that were located 
on the sidewall and floor of the shock tube. The pressure gauges were located very close 
to the slab in order to register the applied pressure data. Installed load cells at the supports 
registered the dynamic reactions, and strain gauges were mounted on the CFRP surface at 
mid-span of each slab. The maximum deflections were measured in each test. Table 4 
lists the tests that were used as reference for the corresponding simulations. 

 

Figure 1: BakerRisk large shock tube inside the test facility 
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Figure 2: Typical Blast Wave Profile from a Shock Tube Test (Test SP6) [1] 

Table 4: RC Slab Tests that were used as reference for the corresponding simulations [1] 

Test 
number 

Peak 
applied 
pressure 
(kPa) 

Applied 
impulse 
(Pas) 

Peak defl. 
(mm) 

Peak 
support 
reaction 
(degres) 

Average 
maximum 
strain in 
composite 

Support 
reaction 
(kN) 

SP1 69.6 469 32 1.5 0.0028 71.4 

SP4 71.0 517 241 11.2 N/A 81.0 

SP6 114 1020 64 3.0 0.0057 122 
SP1 = 1 ply with 50% surface coverage of CFRP  
SP4 = control slab 
SP6 = 1 ply with 100% surface coverage of CFRP 

MODELING 

Slab Model 

The slabs were analyzed as simply supported reinforced concrete elements, with 
the applied composites acting as the tensile reinforcement for flexural strength, and steel 
reinforcement on the compression side of the slab providing tension strength in rebound. 
The concrete and the steel supports were modeled with solid brick elements while the 
reinforcement was modeled with beam elements with their nodes shared within the slab 
continuum nodes. The concrete slabs were modeled with a 20×20×20 mm mesh     
(Figure 3) and the reinforcement was modeled with 20 mm-long beam elements using 
shared nodes with the solid elements. A distance of 20 mm from the loaded surface of the 
slab to the centre of the primary reinforcement was used, which is relatively close to the 
actual distance of 17 mm in the test slabs. Shell elements were used for modeling of the 
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CFRP using shared nodes with the concrete solid elements on the non-loaded face of the 
slab, see Figure 4. Thus, the analysis of the upgraded concrete slabs assumed a full 
composite action between the concrete and CFRP.   

The steel supports were modeled as elastic with one rotational degree of freedom 
around the centre nodes on the bottom surface, which allows for support rotations as the 
slab deflects. Supports were also modeled around the edges and partly on the loaded face 
of the slab to account for a certain degree of restraint at each support after a slab rotation 
of approximately five degrees. The interaction between the surfaces of the concrete slab 
and the supports was modeled using a contact algorithm with friction.  

 
Figure 3: Part of a modeled concrete slab with the applied load blast load p(t) indicated 

 

Figure 4: Model for test SP1 showing the non-loaded face of an upgraded slab with 
modeled supports and six CFRP strips 

Concrete Material Model 

Material 159 from the LS-DYNA material library [2] (identified as 
MAT_CSCM_CONCRETE) was used to represent the concrete. This material model has 
a smooth intersection between the failure surface and the hardening cap and is often 
referred to as a Continuous Surface Cap Model (CSCM) [3]. The model parameters are fit 
to data for unconfined compression strengths between 20 MPa and 58 MPa. Shear 
dilatancy, which occurs as concrete in compression approaches failure [3, 4], is 
incorporated in the model. The softening of concrete after the peak stresses have been 
reached is modeled via a damage formulation. This formulation models strain softening 
and modulus reduction for both tensile and compressive hydrostatic pressures. The 

 

 
 

p (t) 
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concrete model also includes strain rate dependence for tensile and compressive states of 
stress as well as for fracture energy.  

Steel Material Model 

Material 24 from the LS-DYNA material library (identified as 
MAT_PIECEWISE_LINEAR_PLASTICITY) was used to represent the reinforcement. 
The steel was modeled with strain hardening using a tangent modulus of 1.0 GPa. Strain 
rate effects were accounted for by using the Cowper and Symonds model, which scales 
the yield stress. In the simulations, the strain rate parameters C and P were set to the 
values of 3,000 and 8, respectively.  

Material Model  Used for CFRP  

Material 3 from the LS-DYNA material library (identified as 
MAT_PLASTIC_KINEMATIC) was used to represent CFRP. The model was used 
without strain rate effects.  

Air Blast Load 

In the simulations, the air blast load was applied as a spatially uniform, piecewise 
linear approximation of the registered pressure-time curve obtained from the experiments. 
Seven data points were used to define the blast load, as shown in Figure 5 for slab test 
SP1. The load was applied to the surface of the modeled slabs corresponding to the 
loaded surface in the experiments. In the simulations, the peak pressure is reached after a 
gradual increase at approximately 0.9 ms from the first computational cycle. Blast load 
data for the modeled slabs is summarized in Table 5. The impulse refers to integration of 
the positive phase of the pressure-time curve, i.e. up to 20.4 ms in Figure 5.  

 

Figure 5: Piecewise linear approximation of the applied pressure used for simulation of 
slab test SP1 [1] 
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Table 5: Blast load data for the modeled slabs 

Specimen Peak pressure (kPa) Impulse (Pas) Duration  (ms) 
SP4 62.1 518 19.0 
SP1 69.0 472 20.4 
SP6 112 1010 23.2 

 

SIMULATION RESULTS 

The resulting damage to the control slab in the numerical model is shown in Figure 
6, with a photograph of the corresponding test slab for reference. The use of concrete 
model Material 159 resulted in the development of one major crack of the control slab, 
which is in agreement with the test result. However, the major crack in the model 
developed at mid-span as would be expected instead of somewhat above mid-span as 
observed in the test. Note that the FEA model did not include gravity effects for the 
orientation of the slab within the shock tube. The deflection histories in Figure 7 compare 
the mid-span deflections from the simulations with the maximum deflection measured in 
the tests. Overall, the calculated maximum deflections of the control slab and of the 
upgraded slabs correspond reasonably well to the maximum deflections in the tests. In the 
simulations of Test SP1 and SP6, the peak deflections were reached at 31 ms and 28 ms, 
which is close to the corresponding 30 ms and 25 ms observed in the tests [1].  

 
 

 

 

 
 
 
 
 
 

Figure 6: Deformed shape and accumulated damage of simulation (mapped as concrete 
damage) compared to the experimental result for the control slab (Test SP4) 
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  (a) Simulation of Test SP1 

  (b) Simulation of Test SP6 

  (c) Simulation of Test SP4 

Figure 7: Mid-span deflection versus time for the simulations and the test slabs 
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Figure 8 presents the strain histories in the CFRP for the simulations and the tests. 
The results show that the strains in the simulations were greater compared to that 
measured in the tests. Even though there is a difference in peak values between the 
simulations and the tests, the strains show a very similar trend in time. The calculated 
time when the maximum strains occur corresponded well to the time of peak deflection. 
Strain rates that occurred on the surface of the non-loaded face of the slab in the tests and 
simulations were evaluated by determining the slope of the strain versus time curves. The 
maximum strain rates in the simulations were evaluated as 0.30 s-1 and 0.47 s-1 for tests 
SP1 and SP6, respectively. The corresponding strain rates in the tests were observed as 
0.24 s-1 and 0.29 s-1.  

The total support reaction histories from the tests and simulations are shown in 
Figure 9. The calculated peak reactions for the upgraded slabs correspond reasonably well 
to the measured peak reactions. However, the calculated reactions exhibit a faster increase 
at early times compared to the more gradual increase observed in the tests. The reactions 
for the control slab (Test SP4) differ considerably compared to that of Test SP1 and SP6, 
which reflect the real behaviour of the deforming slab. As soon as the major flexural 
crack develops close to mid-span, the slab loses most of its original resistance and the 
reactions are temporarily reduced to zero. The slab continues to move and will eventually 
continue to resist the motion, and the reactions will start to increase once more due to 
prying action. The calculated reaction for the control slab exhibited a similar pulse to that 
observed in the test. The second pulse, starting at about 30 ms, was not replicated in the 
simulation. The prying action at the supports that occurred in the test with the control slab 
[1] also occurred in the simulation due to the modeled angle in the vicinity of the slab 
edges. 

  

(a) Simulation of Test SP1   (b) Simulation of Test SP6   

Figure 8: Strain versus time for the simulations and the test slabs 
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  (a) Simulation of Test SP1 

  ( b) Simulation of Test SP6 

  (c) Simulation of Test SP4 

Figure 9: Support reaction versus time for the simulations and the test slabs  

  

-10
0

10
20
30
40
50
60
70
80

0 10 20 30 40 50 60 70 80

Su
pp

or
t R

ea
ct

io
n 

(k
N

)

Time (ms)

Test
Simulation

-20
0

20
40
60
80

100
120
140
160

0 10 20 30 40 50 60 70 80

Su
pp

or
t R

ea
ct

io
n 

(k
N

)

Time (ms)

Test
Simulation

-20

0

20

40

60

80

100

0 10 20 30 40 50 60 70 80

Su
pp

or
t r

ea
ct

io
n 

(k
N

)

Time (ms)

Test
Simulation



CSHM-3; 11-13 August 2010, Ottawa-Gatineau, CANADA P a g e  | 93 

Magnusson, “Numerical Simulations of Retrofitted Concrete Members Subjected to Blast 
Loads”, 11/13 

DISCUSSION 

An advantage in performing an FEA analysis is that it enables detailed studies of 
different parameters affecting the structural response. This can contribute to a better 
understanding of the actual behaviour of complicated structural systems. However, an 
FEA analysis usually takes more of an effort and has longer run-times compared to a 
more simplified approach. This can make the use of simulations limited in structural 
design. On the other hand, there are situations in design where a more detailed analysis is 
required, which makes the use of simulation software and skills extremely valuable. 

Overall, the results from the slab simulations showed good correlation with test 
data. Deflections, support reactions, and strains on the rear face of the slab were predicted 
within a reasonable degree of accuracy. The measured and calculated strains in the CFRP 
were well below the rupture strain (1.6%) of the laminate, which indicates that a greater 
deformation capacity of the upgraded slabs was available. The tensile behaviour of CFRP 
is characterized by a linear elastic stress-strain relationship until failure, which is sudden 
and brittle in nature. Because the FRP material does not exhibit any plastic behaviour 
before rupture, it is important to design the upgrades such that the strains are kept well 
below the rupture strains in blast design. Also, when externally bonded FRP is used to 
increase the flexural strength of a member, the member should be capable of resisting the 
shear forces associated with the increased flexural strength. It is of interest to perform a 
more comprehensive study with numerical simulations that also includes the remaining 
part of the tests in the reference set of experiments [1]. This would give an enhanced 
opportunity to compare numerical modeling with test data. 

Another investigation focused on retrofitting concrete columns with CFRP to 
improve their resistance to blast loads [6]. The composite was in this case applied as 
vertical strips and horizontal wraps to increase the flexural and diagonal shear capacities 
of the columns. Shear may become a problem in existing concrete and masonry structures 
in cases where the applied blast pressure generates shear forces in the members that 
exceed their shear capacities. It would therefore be of interest to include upgrades for 
shear in future investigations.  

While the set of experiments referred to in the current paper used upgraded 
concrete slabs, it is also feasible to upgrade other types of structural components with the 
use of FRP. A previous investigation [5] subjected masonry walls upgraded with 
externally bonded FRP to blast loads in a shock tube configuration similar to the test 
series referred to herein. The results from these tests were compared to theoretical 
analysis with the single-degree-of-freedom (SDOF) methodology and with numerical 
simulations. This investigation indicated that the use of SDOF provides a high degree of 
reliability to calculate the response of CMU walls upgraded with FRP systems.  

While SDOF calculations can be most effective for predicting the upgraded 
member response, numerical simulations with finite element analysis software can 
provide a more detailed analysis of FRP systems. The bond between the FRP and the 
concrete plays a critical role in transferring the stresses between the existing concrete 
structure to the FRP laminate. The shear transfer between the slab and the composite may 
become the limiting factor for certain applications, such as thicker slabs. There will be 
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shear deformation in the adhesive layer causing relative slip between the FRP and the 
concrete surface [7]. It may therefore be of interest with continued studies of detailed 
modeling of the concrete-laminate interlayer to analyze the bond behaviour.  

Material strength is normally enhanced for conventional building materials such as 
concrete, masonry and steel when responding to dynamic loads. These strain rate effects 
are normally considered in blast design. Strain rates around 0.2–0.3 s-1 were estimated 
from the test data. The strength increase of conventional concrete in compression and a 
rebar with a yield strength of 414 MPa (60 ksi) are approximately 25% and 5% [8] at the 
strain rates obtained in the tests. It would therefore be of interest to quantify the dynamic 
properties of different types of FRP systems for applications in blast design.  

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

The following conclusions were drawn from the current investigation: 
• The simulations of reinforced concrete slabs upgraded with externally bonded 

CFRP showed good correlation with the test results. This applies to deformations 
and support reactions. However, the values of the calculated reactions exhibited a 
faster rise-time compared to those in the tests.  

• The calculated FRP strains on the non-loaded surface of the slab were greater than 
those measured in the tests.  

• The simulations showed that the crack expected to develop around mid-span for a 
non-upgraded slab could be prevented by upgrading the slab with CFRP. 

• Overall, the results from the simulations show that it is feasible to model the 
behaviour of a concrete member upgraded with CFRP to predict its dynamic 
response.  

Recommendations for Further Studies 

The following suggestions are made for further studies: 
• An extended set of simulations that also includes the remaining part of test slabs as 

reported in [1].  
• Detailed modeling of the concrete-laminate interface for analysis of delamination 

of upgraded structural members. 
• Extended simulations of concrete beams or columns upgraded for increased 

resistance in diagonal shear.  
• Quantifying the dynamic properties of different types of FRP systems.  
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Abstract 
A large part of tuff buildings in the Mediterranean area is of historical and artistic 

relevance. Such buildings are placed in seismic areas and, due to their age, have been subjected to 
environmental deterioration. For this reason, in the last decades, the interest in strengthening of 
historical tuff masonry structures is significantly grown especially to techniques that allow 
properties like as reversibility, compatibility, and sustainability of the intervention to be combined. 

In the present paper, the results of diagonal compression tests on yellow tuff masonry 
panels is presented; the specimens were reinforced by using an innovative strengthening system 
based on the combined use of a pre-cured alkali-resistant basalt or glass FRP grid bonded with a 
pre-mixed high ductility hydraulic lime and pozzolan based mortar. Base material properties as well 
as panels in-plane deformation and strength, including the post peak softening regime in view of 
seismic applications, are reported in the paper. The experimental results confirmed the effectiveness 
of the investigated strengthening technique to increase the tuff panels shear strength and validated 
the use of an innovative mortar specifically formulated to increase the compatibility with tuff 
material and historical grouting. 

Keywords: FRP, Grids, Mortar, Masonry, Tuff, Shear 
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INTRODUCTION 

Tuff buildings of historical and artistic relevance are a significant part of the 
Mediterranean area. The construction of these buildings started in the ancient roman age 
and it has continued up to the half of last century. Thus a large number of existing 
masonry structures shows damages due to a wide range of events (i.e. environmental 
deterioration, inadequate construction techniques and materials, design for gravity loads 
only). Several strengthening technique are available to reduce the seismic vulnerability of 
these buildings; however, some of these techniques may be too invasive especially when 
the historical value of architectural heritage has to be preserved. In such cases properties 
like reversibility, compatibility and sustainability could become critical for the selection 
of the most appropriate strengthening technique.  

Innovative techniques based on the use of technologies and materials compatible 
with physical and mechanical properties of masonry are required to economically 
enhance performance of such buildings. Among new strengthening strategies, the use of 
Fiber-Reinforced Polymer (FRP) strengthening technique offers a series of advantages as 
the high strength-to-weight ratios, corrosion and fatigue resistance, negligible influence 
on global structural mass, easy handling and installation, and low architectural impact. 
The use of FRP may significant enhance the tensile strength of masonry panels and the 
structural global ductility (Marcari et al. [1], Manfredi et al. [2], Prota et al. [3], Marshall 
et al. [4], Triantafillou [5], Triantafillou et al. [6]). On the other hand, the use of organic 
epoxy resins for bonding fibers entails some drawbacks: low performance under 
temperatures above the glass transition temperature and under direct fire; potential for 
emission of poisonous fumes under elevated temperatures (Lee 2002 [7]); relatively high 
costs; potential hazards for manual workers due to solvent contents; non-applicability in 
the case of wet surfaces or low temperatures; lack of vapor permeability; incompatibility 
of resins and substrate materials; importance for quality control of chemical reactions. 
Further other critical aspects are also represented by the sustainability and recycling of 
epoxy resins as well as the reversibility of interventions based on their use, especially 
when historical structures are dealt with.  

Thus in order to investigate on sustainable and reversible strengthening strategies, 
the present paper focuses on the use of an innovative strengthening system based on the 
combined use of a pre-cured alkali-resistant FRP grid bonded with a pre-mixed high 
ductility hydraulic lime and pozzolan based mortar. The mortar has been specifically 
formulated to be very similar in terms of mechanical properties and porosity to mortars 
used in the existing masonry historical buildings; two types of FRP grid (i.e. glass and 
basalt square grid) were also used to investigate on the influence of grid type on the 
behavior of strengthened tuff masonry panels.  

The main experimental results in terms of shear strength, diagonal strains, shear 
deformation as well as elastic parameters (i.e. modulus of rigidity, G, and Poisson ratio, 
ν) and ductility are herein presented and discussed with reference to five tuff panels 
tested under diagonal compression. 

 EXPERIMENTAL PROGRAM 
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The experimental program consisted on 5 diagonal compression tests on masonry 
panels. Masonry was made of yellow Neapolitan tuff bricks (360mm x 250mm x 115 
mm) and a pozzolan (local volcanic ash) based mortar (thickness 10 mm). Each panel was 
eight courses high and one tuff block wide; the resulting dimensions were 
1000×1000×250mm (see Figure 1).  

  
(a) (b) 

Figure 1. Panels’ geometry (a) and panel view (b) 

The 5 masonry panels have been tested in three different configurations: a) 2 
unreinforced panels used as control specimens (series “P”); 2 panels reinforced by means 
of one ply of balanced primed alkali-resistant fiberglass (GFRP) grid (mesh 25mm x 
25mm, unit weight of 225 g/m2, Figure 2a) bonded with a lime and pozzolan based 
mortar (series “PRG”); c) 1 reinforced panels reinforced by means of one ply of 
unbalanced primed alkali-resistant basalt (BFRP) grid (mesh 6mm x 6mm, unit weight of 
250 g/m2, see Figure 2b) bonded with a lime and pozzolan based mortar (series “PRB”).  

The strengthening system installation procedure involved the following steps: a 
first layer of mortar (thickness of about 5mm) was applied on both sides of tuff panels; 
one ply of FRP grid was applied on each side of the panel; another layer of mortar 
(thickness of about 5mm) was applied. Details about installation process are depicted in 
Figure 3. Specimen series, groups and labels are summarized in Table 1. 

Material Properties  

Mechanical properties of tuff units and mortar as well as of matrix to bond FRP 
reinforcement were determined by means of experimental tests.  

According to UNI EN 772-2002 [8] 8 tests were performed on 60 mm side cubic 
tuff units (see Figure 4a); the average compressive strength resulted in about 4.0 MPa. Six 
tuff prisms of 360mm × 60mm × 90mm were tested in flexure with three point bending in 
order to evaluate the flexural strength which ranged between 2.6 and 4.3 MPa.  



P a g e  | 100  CSHM-3; 11-13 August 2010, Ottawa-Gatineau, CANADA 

Balsamo, “Experimental Behavior of Tuff Masonry Strengthened with Lime Matrix–Grid 
Composites”, 4/11 

  

  
(a) (b) 

Figure 2. Glass (a) and Basalt (b) grid . 

   
(a) (b) (c) 

Figure 3. Strengtening system installation procedure: installation of first ply of mortar (a); 
FRP grid installation (b); second ply of mortar installation (c). 
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The mix portion of mortar used for build the specimen was as follows: 310 Kg/m3 
of binder, 1245 kg/m3 of sand, 195 kg/m3 of water. The mortar mixture was set in order to 
obtain an average strength close to the one typical of the pozzolanic mortar used in 
existing tuff buildings. The mechanical properties of the mortar, which was used to make 
the whole set of panels, were derived from bending and compression tests (according to 
UNI EN 998-2, 2004 [9]): 4 40mm x 40mm x 160mm mortar prisms were tested in 
flexure with three point bending; and 8 cubes, obtained from failed mortar specimens in 
flexure, were subjected to compression tests. The 28-day average strength results were: 
1.3 MPa for flexural tests and 3.7 MPa for those of compression (see Figure 5); the tensile 
strength was equal to 1.03 MPa  

  
(a) (b) 

Figure 4. Compressive (a) and flexural (b) tests on yellow tuff units. 

  
(a) (b) 

Figure 5. Flexural (a) and compressive (b) tests on mortar specimens. 

The mortar used to bond the FRP reinforcement was obtained as a mixture of 
hydraulic lime and sand (ratio 1:3) added with short glass fibers (about 10% of the total 
weight) mixed with latex and water (ratio 1:2). The mechanical properties of the matrix 
after 28 days of curing were computed by means of 8 tests on prismatic specimen 40mm 
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x 40mm x 160mm: flexural strength of 8.0 MPa; compressive strength of 16.1 MPa; and 
tensile strength 6.0 MPa.  

The mechanical properties of GFRP and BFRP grids were provided by the 
manufacturer: tensile 45 kN/m, Young's modulus of 72.0 GPa, and ultimate axial strain of 
2.0% for glass grid; and tensile 60 kN/m, Young's modulus of 91.0 GPa, and ultimate 
axial strain of 2.0% for basalt grid. 

Test setup 

The panels were tested in a four column testing frame, characterized by a 1000 
mm wide and 4000 mm long steel base floor, capable of testing specimens more than 4 m 
high. Its load capacity is 3000 kN both in tension and in compression with a total stroke 
equal to 150 mm.  

The tests have been carried out under displacement control, in order to record the 
panels post-peak response; the displacement rate was 0.015 mm/sec for all tests. Tests 
were stopped when the reduction in strength with respect to the peak value was of about 
50%. Two steel loading shoes placed on two diagonally opposite corners of the panels 
were used in order to apply the compression load; the test layout fits the requirements of 
ASTM E 519-81([7]), even though some changes have been introduced in order to 
properly account for the dimensions of tuff blocks. To avoid a premature splitting failure 
of panel edges, the spaces between the specimen and steel plates were filled with fast 
setting and shrinkage free mortar.  

Five linear displacement variable transducers over a gauge length of 400 mm were 
used to monitor in-plane and out-of-plane displacements: two LVDTs were placed on 
each panel side along the diagonals to record the shortening and elongation of vertical and 
horizontal diagonals, respectively; one more LVDT was installed perpendicularly to the 
panel surface to measure out-of-plane displacements. The test setup is shown in Figure 6; 
details about the test setup can be found in Prota et al. ([2]). 

  

Figure 6. Test setup  
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EXPERIMENTAL RESULTS 

The experimental shear stress-average diagonal strain relationships are reported 
for each panel in Figure 7.  

  
(a) (b) 

 
(c) 

Figure 7 - Shear stress - average diagonal strain relationships: unreinforced panels P1 and 
P2 (a); reinforced panel by means of GFRP grid or BFRP grid bonded with pozzolan 

based mortar PR_G1, PR_G2 and PR_B1 (b); all testes panels (c). 

The shear strength, τ, is computed on the net section area An of the uncracked 
section of the panels (An = 0.250 m2), according to ASTM E519-81 ([10]) standard test 
method; in general the shear stress can be obtained as τ = 0.707 V/An, where V is the 
current experimental load. The average strains,  εv and εh, have been computed as the 
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average displacement on the two sides over the gauge length (400 mm) along the 
compressive and tensile diagonals, respectively. Unreinforced panels P1 and P2 showed a 
very similar and relatively linear behavior up to τ = 0.14 MPa; however this shear stress 
corresponded to the maximum shear stress, τmax = value corresponding to the peak load, 
Vmax, for P1 while the ascending branch of shear stress-average diagonal strain 
relationship continued up to τmax = 0.17 MPa on specimen P2.  

The maximum shear stress recorded on the reinforced specimens were 
significantly higher than those achieved on control panels. In particular, specimens 
PR_G1 and PR_G2 achieved a maximum shear stress equal to about 2.8 and 3.4 times 
greater than the average maximum stress recorded on unreinforced specimens; the 
maximum shear stress increase in case of basalt FRP grid use was equal to about 2.5. 
Peak load and shear stress values as well as their increase in case of reinforced specimens 
are summarized in Table 1a; horizontal and vertical strains at peak load are also reported.  

Table 1a – Experimental results. 

Spec. Type FRP grid Vmax ΔVmax  τmax Δτmax  εν.max εh.max 
    [kN] [%] [MPa]  [%] [%] 
P1 - 50 - 0.14 - 0.05 -0.05 
P2 - 60  0.17  0.13 -0.14 
PR_G1 Glass 157 186 0.44 2.84 0.13 -0.11 
PR_G2 Glass 188 241 0.53 3.42 0.29 -0.23 
PR_B1 Basalt 139 152 0.39 2.52 0.84 -0.39 

 

During the loading process, the horizontal strain εh to vertical strain εv ratio is 
affected by the cracking phenomenon due to the load increase. 

Once cracks opening starts, the Poisson’s ratio, v = εh/εv, suddenly increase; since 
the first cracks on control panels were detected at a load value equal to about 0.3-0.5τmax, 
the evaluation of Poisson’s ratio, which is an elastic parameter, was done based on a shear 
stress corresponding to one third of the relevant shear strength. These values are 
summarized in Table 1b. The Poisson’s ratios were not significantly affected by the 
strengthening techniques adopted in the experimental program.  

The shear strain values, γ, computed as γ = εv + εh. are also reported in Table 1b. 
The shear strength – shear strain curves recorded on each panel are represented in Figure 
8. From these curves it is possible to compute the modulus of rigidity, G; it is calculated 
as the secant modulus between the origin and the stress equal to 30% of the peak stress 
(see Table 1b). Further the local panel ductility, µ, has been computed. This factor 
represents the ratio between the shear strain (γu) at which the shear stress drops at 80% of 
τmax, and the shear strain corresponding to τmax, γmax. It represents a measure of the local 
ductility of masonry buildings and influences the overall drift capacity under seismic 
loads.  
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Table 1b – Experimental results 

Spec. Type FRP grid τmax τu ν γmax γu G µ 
  [MPa] [MPa]   [%] [%] [Mpa]   
P1 - 0.14 0.11 0.42 0.10 0.53 258 5.5 
P2 - 0.17 0.14 0.36 0.27 0.46 296 1.7 
PR_G1 Glass 0.44 0.36 0.53 0.23 1.12 654 4.8 
PR_G2 Glass 0.53 0.42 0.47 0.53 1.91 799 3.6 
PR_B1 Basalt 0.39 0.31 0.44 1.23 2.98 369 2.4 

 

Figure 8 shows that a moderate increase of stiffness was attained on strengthened 
specimens. Moreover, the post peak response of strengthened specimens was 
characterized by a lower slope with respect to control panels, especially for specimen 
PR_B1. In this case the τ-γ curve show a different trend: after a first  pseudo-linear 
branch, a sudden change of slope was recorded starting from τ = 0.36 MPa up to the 
maximum stress τmax = 0.39. In such a range the shear strains increased significantly; the 
post peak was characterized by a lower slope with respect to other specimens. 

 

Figure 8. Shear stress - shear strain relationships.  

Strengthened specimens were affected by a different crack pattern and failure 
mode with respect to control ones. In particular, on control specimens the failure was due 
to a wide pseudo-vertical crack developing along the mortar joints (see Figure 9a).  

Strengthened specimens were characterized, independently from the type of grid 
adopted as reinforcement, by a more uniform crack pattern; several cracks less wide than 
those achieved on control specimens were attained on the mortar reinforced by FRP grids.  
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(a) 

  
(b) 

  
(c) 

Figure 9- Failure modes: control specimen (a); PR_G specimen (b); PR_B specimen (c). 

CONCLUSIONS 

The in-plane response of tuff panels has been discussed in the paper with reference 
to tuff masonry panels. In particular, the performance of an innovative lime and pozzolan 
based mortar combined with glass or basalt grid has been evaluated as tuff panels’ 
strengthening system. The strengthening system has been specifically conceived to 
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experience the way of sustainable and reversible strengthening strategies. A new mortar 
with mechanical properties and porosity very close to mortars used in the existing 
masonry historical buildings has been formulated and tested. Further the use of basalt 
instead than glass grids has also been investigated. 

Experimental outcomes showed that significant shear strength increase were 
achieved by using both GFRP and BFRP grids ranging between about 150%-240%. 
GFRP grids allowed higher shear stress increase to be achieved; on the other hand a better 
post-peak response was attained on specimen strengthened by using BFRP grid.  

Strengthened specimens showed a uniform crack pattern characterized by a small 
width compared to the unreinforced samples (panels). This phenomenon indicates a better 
energy  dissipation capacity of reinforced sample. Moreover the crack pattern shows a 
very good  result in terms of adhesion between tuff and reinforced mortar. 
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Abstract 
Fiber reinforced cementitious materials (FRC) based on conductive fibers, such as carbon, 

are chemo- and piezo-resistive. Piezo-resistivity is a unique material property which allows 
materials to change its electrical resistance/impedance as a result of changes in the applied 
stress/strain and chemo-resistivity refers to change its electrical resistance/impedance as a result of 
changes in the chemical environment. FRCs are therefore smart materials that can act as low-cost 
sensors. This paper will discuss the piezo/chemo resistive properties of FRC and describe the 
development of cement-based sensors with carbon fibers and carbon nano-tubes. Emphasis is on 
strain measurement, but these sensors are equally useful as chemical sensors capable of detecting 
pH changes, carbonation profiles, chloride ingress and corrosion detection. Their use in monitoring 
historic structures is proposed.  

Keywords: Cement-Based Sensors, Chemo-Resistivity, Piezo-Resistivity, Structural 
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INTRODUCTION 

Bridges, buildings, turbines, aircrafts and many other engineering structures are 
susceptible to deficiencies due to strenuous loading and environmental conditions. These 
structures, when damaged or deteriorated, no longer meet the required standards and need 
to be repaired and rehabilitated or even rebuilt. These procedures can be very costly and 
time consuming if damage is not detected shortly after its occurrence.  

In order to catch any deficiency in the structure’s performance before any serious 
loss of capacity occurs, a technology has recently emerged known as Structural Health 
Monitoring (SHM). The purpose of SHM is to accurately monitor the behavior of an 
engineering structure, constantly assessing its performance and providing continuous data 
on its current conditions.  

SHM is a multidisciplinary technology which involves structural and material 
design, development of sensors and actuators, signal processing, networking and 
communication, data mining and analysis, diagnostics and prognostics, management 
strategies, etc. (Inman et al, 2005). 

SCENARIO  

The sensory system is a very important component of SHM systems. Sensing 
devices constituting the sensory system are responsible for measuring parameters such as 
time, load, displacement, strain, acceleration, temperature and moisture. 

 

Figure 1. Proposed Application of Cement-Based Sensors in SHM of Future Structures 

Because of their low cost, durability and compatibility with concrete structures, 
recently emerged cement-based sensors would be a very efficient replacement for current 
conventional sensors in SHM of concrete structures. The ultimate purpose is for these 
sensors to be near surface mounted or embedded in the host structure as part of a wireless 
SHM system that is capable of detecting strain, cracks and even corrosion (Figure 1). 
Made of structural material, this type of sensor can be regarded as an integral part of the 
structure as it does not alter the properties or appearance of the host structure. Cement-
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based sensors are designed to function based on the principle of piezoresistivity 
Piezoresistivity is defined as the dependence of electrical resistivity on strain. Materials in 
which the electrical resistance changes in response to changes in the applied strain are 
referred to as piezoresistive materials. 

In this research, smart cement-based materials are developed using either carbon 
fibers alone or in combination with carbon nanotubes. 

Nanotechnology and Carbon Nanotubes 

Nanotechnology is the science and technology of developing materials at the 
atomic and molecular level and generating techniques to measure and use their unique 
and special electrical, mechanical and chemical properties.  

Discovered almost 20 years ago by Iijima (1991), carbon nanotubes (CNT) are one 
of the most important materials employed in nanotechnology. Carbon nanotubes are 
allotropes of carbon with a nanostructure that can have a length-to-diameter ratio of up to 
28,000,000:1, which is significantly larger than any other material. CNT can be visualized 
as a modified form of graphite, where a single sheet or several sheets of graphite are 
seamlessly rolled into a tube structure (Makar et al., 2003). Single sheets rolled up are 
referred to as single-walled carbon nanotubes (SWCNT), and multiple sheets rolled up 
are called multi-walled carbon nanotubes (MWCNT). 

Results from a study by Li et al. (2007) indicate that the addition of CNT, treated 
or untreated, to cement paste leads to a notable decrease in volume electrical resistivity 
and a distinct enhancement in the pressure-sensitive properties for cement composites. 

EXPERIMENTAL PROGRAM 

Materials  

The following materials were used in the preparation of cement-based sensors: 
• GU (formerly Type 10) Portland cement with specific gravity of 3.15 (W/C ratio ≈ 

0.3 to 0.4). 
• Densified silica fume with a specific gravity of 2.27 from Norchem, Inc. used as a 

densifier as well as a dispersant in the amount of 20% of the cement weight. 
• K6371T Carbon Fiber DIALEAD from Mitsubishi Chemical FP America, Inc.; 

these coal-tar-pitch-based carbon fibers have specifications indicated in Table 1. 
• Purified MWCNT, obtained from Cheap Tubes Inc., with specifications listed in 

Table 2. 
• METHOCEL* A15 LV Methylcellulose from Dow Chemical Canada Inc. used to 

help disperse carbon fibers; in the amount of 0.4% of the cement weight. 
• RHODOLINE 1010, which is a water base defoamer obtained from Rhodia Group; 

in the amount of 0.2% of the cement weight. 
• Glenium 3400 NV from Master Builders, which is a polycarboxylate-based 

Superplasticizer with a specific gravity of 1.1. 
• Copper electrodes. 
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Table 1. Properties of Carbon Fiber (CF) 

Length 
(mm) 

ϕ 
(μm) S.G. T. S. E (GPa) Volume Resistivity 

(Ω-m) 
6 11 2.12 2620 634 2.3 x 10-6 

 

Table 2. Properties of Multi-walled Carbon Nanotubes (MWCNT) 

Outer  Diameter (nm) 10-20 
Inside  Diameter (nm) 3-5 
Purity > 95 wt% 
Length (μm) 10-30 
Specific Surface Area (m2/g) 233 
Specific  Gravity ≈1.5 
Electrical Conductivity (s/cm) > 10-2 

 

Resistivity Measurements  

150 mm long samples with 25 mm × 15 mm cross section and 70 mm inner-
electrode spacing, as recommended by Banthia et al. (1992), were prepared using 
different volume fractions (Vf) of carbon fiber (CF) and MWCNT.  Specimens were air 
cured for 24 hours before the moulds were carefully stripped. 

Direct current (DC) measurement of electrical resistance has proven to be 
technically difficult because of the polarization effect, which causes an exponential rise in 
the measured resistivity (Hou et al., 2005). Therefore, resistivity measurements in this 
study are made using alternating current (AC). Unless otherwise noted, Agilent 4263B 
LCR meter at 100 kHz AC frequency was used for resistance measurements. 

There are two commonly used methods for resistance measurements, two-probe 
and four-probe. While the two-probe technique is much simpler, error sources such as 
lead inductance, lead resistance and stray capacitance between the two electrodes are 
incorporated in the measured resistance. In the four-probe method, on the other hand, the 
effect of lead impedances is reduced because the current and voltage paths are separate. 
In the two-probe technique, the measured voltage consists of voltages from the electrodes 
(VE, which is almost negligible), cement-based sensor (VS) and contact resistance (VC). In 
the four-probe method, however, VE and VC are eliminated and the voltage measurement 
consists of only the sensor voltage, VS. Figure 2 schematically displays the equivalent 
circuits for two-probe and four-probe measurement techniques. 
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(a) (b) 

Figure 2. Equivalent Circuits for (a) Two-Probe and (b) Four-Probe Measurements  

Figure 3. Phase Angle at Current Frequencies between 1Hz and 1MHz 

Two-probe resistance measurements increase dramatically as the L/A (electrode 
spacing/electrode contact area) ratio increases, whereas the four-probe configuration is 
unaffected by specimen design. Therefore, the four-probe method was employed for 
resistivity measurements (Chiarello et al., 2005 and Azhari, 2009).  

The electrical resistivity (ρ) of a material with a uniform cross section is measured 
as its resistance per unit length: 



AR=ρ  (1) 

where 
ρ = electrical resistivity in ohm meters (Ω·m) 
R = electrical resistance of a uniform specimen in ohms (Ω) 
A = cross-sectional area of the specimen (m2) 
ℓ = length between the measurement electrodes (m) 
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Effect of Current Frequency 

The current frequency is a crucial element to be considered. Many factors may 
have a role in the effect of current frequency: internal factors such as fiber content and 
specimen geometry and external factors such as moisture and temperature. It has been 
found that if DC or low frequency AC is used, the cement matrix plays a dominant role in 
the electrical conductivity, but as the AC frequency is increased the interface impedance 
decreases and thus the electrical conductivity of the composite is strongly governed by 
the conductive fibers (Reza at al., 2003). In addition, cement-based composites are 
capacitive in nature and thus, using higher frequencies reduces the reactance part of 
impedance.  

In order to experimentally investigate the effect of current frequency on the 
cement-based sensors, a frequency sweep between 1 Hz and 1 MHz was completed - 
using a Solartron 1260 impedance/gain-phase analyzer - for specimens with different 
fiber contents (Figure 3).  

Purely resistive impedance occurs when the phase angle (θ) is zero. Therefore, 
phase angles at different current frequencies were compared to find the most efficient 
frequency. The results, plotted in Figure 3, show that phase angle is for the most part 
negative, which confirms the fact that these cement-based composites are capacitive 
rather than inductive. For samples with fiber contents in the 0.5%-7% Vf range, phase 
angle values fluctuate, lowering at 1 Hz and about 10 kHz. Samples with 15% and 20% Vf  
of carbon fiber, 3% MWCNT specimens and the hybrid samples (15% CF + 3% 
MWCNT), exhibit much lower phase angle values especially at frequencies of 100 kHz 
and below. These samples seem to show inductive characteristics at some frequencies 
(where θ>0). A 100 kHz frequency was chosen.  

Effect of Fiber Content 

The addition of even a small amount of carbon fibers to cement paste significantly 
reduces the resistivity of the material. Conductivity increases by several orders of 
magnitude when the volume fraction of carbon fiber reaches a certain critical value, 
referred to as the percolation threshold (Xie et al., 1996).  

Fiber size and shape are important factors in determining the percolation 
threshold; for example, longer fibers provide higher electrical conductivity at lower fiber 
volume fractions, whereas the conductivity of specimens containing very short fibers 
increases very gradually with volume fraction (Chiarello et al., 2005). 

Resistivity measurements from samples with various fiber contents, illustrated in 
Figure 4, indicate that the resistivity values of samples with only 0.5% Vf of carbon fiber 
dropped considerably (97%) compared with plain samples. The resistivity of the 
specimens with 0.5% Vf to ~15% Vf remained almost constant, which validates the 
existence of a percolation threshold. However, the resistivity values could yet be 
significantly decreased (up to a thousand times smaller than the values at percolation 
threshold) by adding more fiber to the mix; samples with 20% Vf of fiber exhibited 
electrical resistivity values as low as 5 Ω·cm, which was expected while these specimens 
were being prepared, in that there was much less cement paste than fibers and it was very 
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difficult to mix. In order to observe the interaction between fibers and their dispersion, a 
series of images was obtained using a scanning electron microscope (SEM). SEM images 
of specimens with three different fiber contents, displayed in Figure 5, show how the 
increase in fiber content affects the dispersion of the fibers and in turn the electrical 
properties of the specimens. 

 

Figure 4. Resistivity Variation 

  

3.5% CF  7% CF  

  
20% CF  3% MWCNT  

Figure 5. SEM Images of Various Cement-Based Sensors 

The effect of different amounts of MWCNT and SWCNT is also illustrated in 
Figure 4. It was found that the addition of CNT at 1% or 3% Vf slightly decreases the 
resistivity of the cement paste. Owing to the extremely high conductivity values reported 
for CNT, this reduction was expected to be much greater, but the dispersion of CNT was 
very difficult to achieve even though a sonication process was used. Moreover, even if the 
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dispersion was perfect, the extremely small size of CNT would prevent any contact or 
network among them in such low volume fractions. This triggered the idea of creating 
hybrid specimens: 1% MWCNT + 15% CF and 3% MWCNT + 15% CF; these samples 
yielded a lower electrical resistivity than the 15% CF and 20% CF samples, respectively.  

Although the “3% MWCNT + 15% CF” hybrid and the 20% CF samples had 
preferable resistivity values, more suitable for the sensing application, they each had their 
downfalls; the former was very soft and brittle and the latter was extremely hard to 
prepare. Therefore samples with 15% CF or 1% MWCNT + 15% CF were selected to be 
used as sensor material. The entire class of such materials are hereafter called 
piezoresistive fiber reinforced concrete (PFRC).   

Effect of Chloride and Moisture 

The electrical conductivity of cement-based sensors is through both the conductive 
fibers and the cementitious matrix. Conductivity of the matrix part of the conduction path 
is through the pore structure and is referred to as the electrolytic conductivity. The 
presence of moisture and chloride changes the chemical composition of the pore structure 
and therefore affects the electrical resistivity of cementitious composites.  

To examine the effect of moisture and chloride on cement-based sensors, plain, 
3.5% Vf, 7% Vf and 15% Vf samples were kept in chloride solution (100 g of NaCl 
dissolved in 1 L of water). Resistivity measurements were taken from the specimens at 
the start of the experiment, after one month of exposure and again after the specimens 
were completely dried using desiccators. Figure 6 shows the resistivity values of the 
specimens at these three stages. 

While one month submersion in chloride solution caused a significant decrease in 
the electrical resistivities of all the specimens, the plain sample was the only one to 
recover most of its resistivity. The carbon fiber reinforced samples recovered only a small 
percentage of their original resistivity after completely drying out. The conduction path in 
15% CF samples includes more fiber to fiber contact which makes them less sensitive to 
the presence of moisture and chloride.   

 

Figure 6. Effect of Chloride Solution on Electrical Resistivity of Sensors 
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It is important to take this effect into consideration if and where the sensors are 
employed in environments subjected to moisture and chloride. Coating the sensors with 
moisture resistant material may be a solution to this issue. It was also observed during this 
experiment that the plain and 3.5% CF specimens experienced some delamination and 
blemishes, whereas the other two samples remained unaffected, which indicates that 
carbon fiber reinforced cementitous composites with higher Vf  of fiber are more durable 
when subjected to chloride ingression 

PIEZORESISTIVITY  

Changes in the electrical resistivity of piezoresistive fiber reinforced concrete 
(PFRC) were monitored under cyclic compression to examine their sensing abilities. 

Cylindrical specimens containing either “15% CF” or “15% CF + 1% MWCNT” 
were prepared. 10mm strain gauges were attached to the samples to compare the results 
with measured strain. Specimens were loaded cyclically to 30 kN (approximately 30% of 
load capacity) while monitoring the response (Figure 7). 

 

Figure 7. Sensor in Compression 

In order to evaluate the sensing ability of the developed sensors, fractional change 
in resistivity (FCR) was compared against applied load. Fractional change in resistivity is 
given by: 

0

0
ρ

ρρ −
= tFCR  (2) 

where, 
ρt : Electrical resistivity at time t during the tests; 
ρ0 : Electrical resistivity at the beginning of the test (prior to loading) 
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Figure 8 and Figure 9 display the response of sensors to strain for 15% CF and 
15% CF + 1% MWCNT specimens, respectively. Very good correlation between the 
measured FCR and strain is observed. During each loading cycle, the resistivity values 
decrease with the increase in compressive load, resulting in negative FCR values, and 
then increase to the initial value when the unloading branch of the cycle takes place. 
Closer examination shows that the hybrid sensors (containing both carbon fibers and 
carbon nanotubes) exhibit better sensitivity and repeatability to strain. Some calibration 
curves are given in Figure 10. Note a better gauge factor for sensor with nanotubes..  

 

Figure 8. A 15% CF Sensor Under Cyclic Compression (30kN amplitude) 

 

Figure 9. 15% CF +1% MWCNT sensor under cyclic compressive loading with 30kN 
amplitude 
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Figure 10 (a) Comparing PFRC (15% 
Carbon Fiber) with Traditional Sensor 

Figure 10 (b)  Comparing PFRC (15% 
Carbon Fiber + 1% Multiwalled Carbon 

Nanotubes) with Traditional Sensor 

DYNAMIC SENSING   

Concrete structures in most instances are loaded at strain rates ( ε ) approximated 
in our standardized tests. However, there are dynamic events in which the strain-rates 
may significantly exceed those obtained in standardized tests such as in fast moving 
traffic  ( ε = 10-6−10-4s-1), gas explosions (ε = 5x10-5 − 5x10-4 s-1), earthquakes (ε = 
5x10-3 − 5x10-1 s-1), pile driving ( ε = 10-2 − 100 s-1) and aircraft landing ( ε = 5x10-

2−2x100s-1). Sensors when used on these structures should be able to record their 
responses in a rapid and accurate manner. Since cement-based materials are highly strain-
rate sensitive, sensors based on these materials (PFRCs) must also depict rate-effects.  

 

Figure 11. High Strain-Rate (Impact) Tests on Sensors 

Figure 11 shows high strain-rate (impact) tests on PFRC sensors obtained by using 
an air-gun based impact setup (Bindiganavile and Banthia; 2001a, 2001b). The specimen 
is held in the machine such that the top-half is stationery and the bottom half is pulled 
down at a high speed by an air-gun. The top half of the sensor specimen is suspended 
from a dynamic load cell of 5kN capacity with a resolution of 0.01 N.  The displacement 
of the sensor specimen (ignoring the elastic deformations) during a test is measured by 
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means of a single LVDT fixed to the moving bottom-half. The air gun operated at a peak 
pressure of 0.35 MPa and generated a displacement rate of 3000 mm/s. In a test the 
applied impact impulse (load-time curve) and resistivity signals from the sensor were 
recorded and some preliminary results are given in Figure 12.  

 

 

Figure 12. Dynamic Response of a PFRC Sensor 

As the preliminary plots in Figure 12 indicated, while the sensor is capable of 
dynamic recording, there are a number of issues to be resolved. First of all, there is a lag 
in measurement of load and sensor response. Further, due to the lag, the FCR in the 
loading range remains very low. Significant amount of further work is required to derive 
useful information from these sensors under high strain-rate loads.  
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APPLICATIONS TO HISTORIC STRUCTURES  

Applications of piezo-resistive cement-based sensors to historic structures presents 
an excellent opportunity. These are cost-effective, easy to integrate and develop an 
excellent bond with old concrete. Being cement-based, these can be made to blend easily 
with the old structure thereby preserving aesthetics and heritage look. Finally, their 
chemo-resistive properties are not available in any other sensors which makes them quite 
uniquely suited for heritage structures where time dependent degradation is a major 
concern. Of particular interests in the case of heritage structures is moisture ingress and 
movement of moisture front. The chemo-resistive nature of these sensors can detect 
moisture transport which makes them highly suitable for heritage monitoring.       

CONCLUSIONS 

Cement-based sensors, also described as smart (self-monitoring) structural 
materials, have recently been developed for use in structural health monitoring (SHM) 
systems. These sensors are rather inexpensive, durable, very easy to manufacture and 
install, and best of all they possess mechanical properties similar to concrete, enabling 
them to perform in the same manner as the host structure. They do not alter the properties 
or appearance of concrete structures; hence, if integrated into the host structure, they can 
be regarded almost as an integral part of the structure.   

The purpose of this study was to develop piezoresistive cement-based sensors for 
use in SHM systems by incorporating carbon fibers as well as both single-walled and 
multi-walled carbon nanotubes in a cement paste matrix. 

The effect of fiber content, current frequency and the presence of moisture and 
chloride on electrical resistivity were investigated. Consequently, the piezoresistive 
quality of the sensors was confirmed through monitoring their response to cyclic 
compressive loading. The electrical resistivity of these sensors changed in response to 
change in strain; decreasing reversibly with the increase in compressive strain. The 
sensors with nano-tubes depicted a higher sensitivity than those with carbon fiber alone. 
Some dynamic sensing tests were carried out that showed promise, but also indicated that 
many issues need to be resolved before these sensors can be used for SHM during 
earthquakes.  

Applications of piezo-resistive cement-based sensors to historic structures presents 
an excellent opportunity. These are cost-effective, easy to integrate, develop an excellent 
bond with old concrete and are capable of blending easily with the old structure thereby 
preserving aesthetics and heritage look.  
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