Effect of Fiber Configuration on the Fiber-to-Mortar Bond Behavior
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Abstract. Textile-reinforced mortar (TRM) composites have received extensive attention as
a sustainable solution for seismic strengthening of masonry and historical structures. This new
system is composed of textile fibers embedded in an inorganic matrix and is applied on the masonry
substrate surface as an externally bonded reinforcement (EBR) system. The bond at the textile-to-
mortar and at the mortar-to-substrate interfaces are the main stress-transfer mechanisms and
therefore should be thoroughly investigated.

Although several studies have been focused on characterization of the bond behavior in 7RM-
masonry composites during the last years, there is still a lack of suitable constitutive laws. Most of
the available studies have addressed the bond behavior through single-lap shear bond tests in which
the bond of the TRM system to masonry substrate is evaluated. The bond performance between the
fiber and mortar, however, has received few attention and is the main subject of this study.

The presented work consist of fiber pull-out tests on a (unidirectional) steel-based and
a (bidirectional) glass-based TRM composite as common reinforcing systems. The roles of
transverse fibers (in glass-based TRM) as well as number of fibers on the bond behavior are also
investigated. The results show that transverse elements cause toughness to increase. In addition, by
increasing the number of fibers, the obtained failure modes change from slipping to mortar
cracking.

Introduction

The advantages of textile reinforced mortar (TRM) composites to fiber reinforced polymers
(FRPs) like the fire resistance, the vapor permeability, the removability, and the compatibility with
masonry and concrete substrates [1-3] have made these composites very interesting for externally
bonded reinforcement of masonry and reinforced concrete structures.

TRMs composed of continues fibers embedded in a matrix are used with a variety of
unidirectional and bidirectional fibers and mortar types, which makes development of unified
design relations for these materials a complicated task. Glass, steel and basalt are among the most
common fiber types used. While for the matrix, cementitious or lime-based mortars are usually
used. Lime-based mortars are preferred for application to masonry and historical structures due to
compatibility, sustainability issues, breathability and capability of accommodating structural
movements [4-6].

While most of the attention by the scientific community have been given to the tensile response
of TRMs and to the TRM-to-substrate bond behavior, the fiber-to-mortar bond response is relatively
unknown and poorly addressed [7-10].

In this study, an experimental campaign is carried out on the effect of fiber configuration (like
number of fibers and presence of transverse fibers) on the bond response of textile-to-mortar. For
this purpose, a series of pull-out tests are conducted based on unidirectional steel and bidirectional
glass fibers as well as two commercially available hydraulic lime mortars.



Experimental Tests

Material Characterization Tests. Two commercially available hydraulic lime-based mortars as
the matrix referred as M1 and M2 are used throughout this paper. Mortar M1 is a high-ductility
hydraulic lime mortar and mortar M2 is a pure natural hydraulic lime with mineral geo-binder base.
For mechanical characterization of the mortar, compressive and flexural tests are performed
according to ASTM C109 [11] and EN 1015-11 [12] at different ages (3, 7, 14, 28, 60, 90 days).
Five cubic (50x50x50 mm?®) and five prismatic (40x40x160 mm?®) specimens are prepared for
compressive and flexural tests at each age, respectively.

The reinforcing materials are glass and steel fibers. The glass fiber is a woven biaxial fabric
mesh made of an alkali-resistance fiberglass. Its mesh size and load resistance area per unit of width
are equal to 25x25 mm? and 35.27 mm?/ m, respectively. The steel fiber is a unidirectional ultra-
high tensile steel sheet, with a density of 670 g/m?, an effective area of one cord (five wires) equal
to 0.538 mm®. Direct tensile tests are performed on fibers to obtain their tensile strength and
elastic modulus. A universal testing machine with a maximum load capacity of 10 kN and the rate
of 0.3 mm/min is used for these tests. In this paper, the mortar-fiber pairs are taken from the same
manufacturer meaning that glass fibers are used with mortar M1 and steel fibers with mortar M2.
Pull-out Test. The single-sided pull-out test setup developed and presented by the authors in [13] is
used in this study for investigating the fiber-to-mortar bond performance. The specimens consist of
fibers embedded in disk shaped mortars with a thickness of 16 mm (see Fig. 1). The free length of
the fiber is embedded in an epoxy resin block with a rectangular cross-sectional area of 10x16 mm?,
as shown in Fig. 1. For detailed information on the procedure followed for preparation of the
specimens the reader is referred to [13]. The specimens are demolded after 24 hours of preparation
and are placed in a damp environment for seven days. After that, the specimens are stored in the lab
environmental conditions (20°C, 60% RH) until the test day (At the age of 60 days).

For investigating the effect of fiber configuration, three cases are considered for each material
type, as shown in Fig. 1. For the glass-based TRMs, these cases include embedment of single fiber,
single fiber + transverse elements, and group of fibers with a 50 mm embedment length (Fig. 1a-c).
For the steel-based TRMs, since a unidirectional steel fiber mesh is used in this study, the specimens
are prepared with embedment of one single fiber, two fibers, and four fibers in the mortar with
a 150 mm embedment length (see Fig. 1d-f).

The specimens are named as vv-wxy, hereafter, in which vv is related to the mortar type (M1 and
M2). w is connected to the fiber type (S: steel and S: glass). x is linked to the fiber configuration (S:
single, T: single+ transverse, G: group) and y is the number of fibers as illustrated in Table 1. For
example, specimen M2-SG4 is the specimen made with a four steel fibers embedded in mortar M2.
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Fig. 1: Details of specimens for investigating the effect of fiber configuration on bond properties: (a) M1-GS1; (b) M1-GT1; (c) M1-
GG2; (d) M2-SS1; (e) M2-SG2; (f) M2-SG4.



Table 1: Nomenclature for test specimens.
Mortar  Fiber Fiber configuration Name of specimens

single fiber M1-GS1

M1 glass single fiber + transverse M1-GT1
group (2 fibers) M1-GG2

single fiber M2-5S1

M2 steel group (2 fibers) M2-SG2
group (4 fibers) M2-SG4

For performing the tests, a u-shape steel support is used for supporting the specimens to a rigid
frame. A mechanical clamp is used to grip the epoxy resin (and thus the fiber) from the top and
performing the tests (Fig. 2). Two LVDTs with 20 mm range and 2-um sensibility are located at
both sides of the epoxy block to record the slip. The average of these LVDT measurements is
presented as the slip in the experimental results. All the tests are carried out using a servo-hydraulic
system with a maximum capacity of 25 kN at a displacement rate of 1.0 mm/min.
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Fg. 2: Pull-out test setup.

Results and discussion

Material Properties. The mean compressive and flexural strength of the mortar at different ages
are presented in Table 2. As illustrated, the strength of both mortars increase significantly during
the first 30 days and, besides some variations, the changes (particularly for the compressive
strength) are not significant after that.

Table 2: Mortar mechanical properties.*

Mortar Test 3 days 7 days 14days 28days 60days 90 days
- 0.91 3.77 5.91 7.07 8.31 7.84
M1 compressive strength [mpa] (4.5) (5.4) 9.2) (10.5) (12.2) (4.7)
251 4.03 471 5.10 4.66
flexural strenght [mpa] 8.1) (3.6) (7.8) (3.2) (8.9)
compressive strength [mpa] 3.88 6.46 876 9.53 881 8.89
M2 (8.5) (7.8) (7.8) (11.1) (13.8) (5.9)
flexural strenght [mpa] 1.4(3.3) 1.53 179 2.54 2.09 2.33

40) (135  (9.6) 83)  (10.6)

*CoV of the results are given in percentage inside parentheses.

The envelope and average tensile stress-strain curves obtained from direct tensile tests on dry
fibers are also shown in Fig. 3. The results show an average tensile strength, Young’s modulus, and
rupture strain of the steel fiber are 2972 MPa, 189.34 GPa, and 1.88 %, respectively (Fig. 3a). These
values are equal to 875 MPa, 65.94 GPa, and 1.77 %, respectively, for the glass fiber (Fig. 3b).
Textile-to-Mortar Bond Response. The main outcomes of the pull-out tests that are used for
investigation of the bond behavior and can significantly affect the experimental interpretations are
the peak load, the initial stiffness, and consequently the toughness [14]. In the following paragraphs,
the bond response of different fiber configurations and the failure modes will be investigated.
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Fig. 3: Tensile stress-strain curves for: (a) steel fiber; (b) glass fiber.

Steel Reinforced Mortar. The average and envelop of the load-slip curves obtained from steel-
based TRMs with different configurations are shown in Fig. 4. The results are presented in terms of
the applied load per fiber (load divided by the number of fibers) versus slip to facilitate comparison
between different configurations.

It can be observed that although the steel fibers are unidirectional, the pull-out response of single
fibers is different than that of the group of fibers. The failure mode of the specimens, as shown in
Fig. 5, also changes from fiber slippage in single fiber specimens to mortar cracking and splitting in
the group fiber specimens. The pull-out curve of the single fiber specimens (M2-SS1, Fig. 4a)
shows a second peak load followed by a load reduction after complete debonding. This second peak
load is not observed in the group fiber specimens (M2-SG2 and M2-SG4), Fig. 4b, c. which can be
due to occurrence of mortar cracking and splitting after the peak load. From the presented curves, it
can be observed that in contrast to the single fiber specimens (M2-SS1, Fig. 4a), the slip
measurements are different from that of internal LVDT measurements in the group fiber specimens.
This, although does not affect the obtained results, shows that by increasing the number of fibers the
deformation of the resin block used for gripping the specimens becomes significant leading to a
large difference between these two measurements.

A comparison between the average pull-out response in different configurations, illustrated in
Table 3, clearly shows that by increasing the number of fibers the debonding load, the slip
corresponding to the peak load, the toughness and initial stiffness of the load-slip curves decrease.
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Fig. 4: Pull-out response of steel-based TRMs with different configurations: (2) M2-SS1; (b) M2-SG2; (c) M2-SG4.
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Fig. 5: Failure modes of steel-based TRMs with different configurations: (a) M2-SS1; (b) M2-SG2; (c) M2-SGA4.

Glass Reinforced Mortar. The average and envelop of the pull-out curves obtained from the glass-based TRMs with
different configurations are shown in Fig. 6. The difference between the single-fiber and group fiber specimens is more
significant in this case, which can be attributed to the effect of transverse elements. The main parameters of the pull-out
curves are also summarized in Table 3.



Table 3. Changes of bond properties in steel-based and glass-based TRM with different fiber configurations.*

. . Slip corresponding to Peak load/ per Toughness until peak Initial stiffness/ per

Fiber Specimen F|c:eak Ioa% [mm? fiber [N]p Ioad/gper fiber [NPmm] fiber [N/mm]p
M2SS1 1.08 (17.6) 992 (9.8) 730 (23.2) 2772 (18.2)

steel M2SG2 0.89 (26) 815 (14.2) 538 (29.8) 2863 (30.3)
M2SG4 0.74 (43.8) 700 (15) 340 (57.1) 2058 (61.6)
M1GS1 1.92 (24.6) 335 (6.9) 522 (23.9) 1588 (47.5)

glass M1GT1 2.93(17.5) 367 (7.6) 773 (26.9) 795 (29.5)
M1GG2 7.05(17.8) 404 (8.1) 2311 (17.1) 1238 (28.2)

*CoV of the results are given in percentage inside parentheses.
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Fig. 6: Pull-out response of glass-based TRMs with different configurations: (a) M1-GS1; (b) M1-GT1; (¢) M1-GG2.

In general, the specimens made of single fibers (M1-GS1 specimens) show all the three
conventional stages of the pull-out behavior (elastic part, nonlinear part, dynamic part), see Fig. 6a
[13-16]. On the other hand, the specimens made of single+ transverse (M1-GT1) and the group
specimens (M1-GG2) do not have the typical drop of the pull-out load after the peak (Fig. 6b, c). In
contrary, the pull-out curves in these specimens show a slip hardening behavior and a pseudo
ductility before the final load drop. This strain hardening behavior can be attributed to the
contribution of the transverse fibers to the bond response. It should also be reported that the fibers
slippage in M1-GT1 and M1-GG2 specimens is followed by breakage of the transverse fibers at the
last stage of the tests.

Conclusion

A comprehensive experimental investigation with the aim of characterizing the textile-to-mortar
bond response in TRM composites was presented in this study. The effect of number of longitudinal
fibers and transverse fibers on the bond behavior was examined. In general, it was observed:

e By increasing the number of steel fibers in pull-out tests, the failure mode changed from pull-out

(for single fiber) to pull-out and mortar cracking (for group fibers).

e The transverse fibers had a significant influence on the bond behavior in glass-based TRM used
in the current study. The toughness increased dramatically in the specimens containing
transverse elements.
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