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A B S T R A C T   

The potential of ultra high performance concrete (UHPC) for strengthening masonry structures is evaluated in 
this work, both under normal service conditions and after exposure to high temperatures, as a significant gap has 
been identified on this topic at the present time. The mechanical properties of UHPC exposed up to 800 ◦C are 
analyzed by means of destructive and non-destructive tests, and the UHPC-to-masonry bond capacity is tested, 
depending on temperature and substrate preparation. The strengthening of masonry columns by confinement is 
studied, proving that UHPC jackets can double the compressive strength and provide ductility, even after 
exposure to high temperatures. Strengthening of masonry walls to in-plane loads is also evaluated, finding that 
UHPC layers can increase the shear strength and prevent brittle failures. Experimental results are compared with 
the predictions of theoretical models from some design guides, slightly adapted to the context of this research, 
obtaining a good degree of accuracy.   

1. Introduction 

The maintenance and preservation of masonry structures is a chal-
lenge for research in the field of structural engineering. These con-
structions are often considered to be outstanding architectural 
achievements in the cultural heritage and symbolic icons that embody 
past ages. In other cases, they are simply modest buildings in which 
millions of people live all over the world. In spite of their long-lasting 
character, masonry structures can also be vulnerable to threats such as 
earthquakes [1–4] or fire [5,6], which has given rise to a continuous 
search for innovative and scientifically solid solutions to improve their 
behavior under these extraordinary situations. 

In this context, the most widely used strengthening methods at the 
present time are based mainly on textile reinforced mortars (TRM), 
thanks to the possibilities offered by this new generation of composites 
[7]. The wide-ranging research carried out in recent years has shown 
TRM to be highly efficient in improving the mechanical capacity of walls 
under monotonic [8–11] or cyclic loads [12–14], column confinement 
[15–17], and arches or vaults strengthening [18–20], among other ap-
plications. However, the effectiveness of these materials is limited in 
situations of high temperatures or fire scenarios [21]. At present, studies 
on TRM subjected to high temperatures are scarce and are basically 

limited to the analysis of the loss of mechanical properties by means of 
tensile coupons tests [22–25], or the evaluation of TRM-to-masonry 
bond capacity [26–29]. The main conclusions of these works reveal 
that the integrity of TRM can be seriously compromised by temperatures 
over 400 ◦C, even though these materials are often considered to be 
fire-resistant due to the incombustible nature of their inorganic 
matrices. In addition, thermal strain cracking can also affect the 
TRM-to-masonry bond even at lower temperatures, as evidenced by the 
changes in the failure mode of single-lap shear tests [29]. Nevertheless, 
regarding the behavior of masonry structures strengthened with TRM 
under high temperatures, this topic still remains practically unexplored, 
except for some papers published by the authors of the present work on 
walls tested under diagonal compression [30], or under in-plane cyclical 
loads [31]. 

The incompatibility of TRM with high temperatures requires a re- 
evaluation of the conventional strengthening strategies and favors the 
exploration for alternative materials able to withstand extreme fire 
conditions. In this context, ultra high performance concrete (UHPC), 
acclaimed for its exceptionally mechanical properties and durability 
[32–34], has emerged as a potential solution. UHPC is an advanced 
cementitious material with high compressive strength (above 120 MPa), 
usually reinforced with fibers that provide ductility under tension. The 
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strengthening capacity of UHPC has recently attracted the attention of 
the scientific community, focusing mainly on concrete structures, due to 
its ability to increase the flexural strength of beams and slabs [35,36], or 
improve the behavior of compressed columns by confinement [37–39]. 
However, the use of this material for retrofitting masonry members has 
hardly been explored to date. Among the few works available, it is worth 
mentioning an experimental study with walls strengthened on one side 
only and tested under in-plane cyclic loads [40]. The results reveal that 
the UHPC layer can improve the shear strength of the wall by 193%, 
cracking load by 127% and ultimate deformation by 109%. In addition, 
applied on a damaged wall, UHPC can fill cracks and damaged areas, 
and produce almost the same effect. In other study with square masonry 
columns under eccentric compressive loads [41], it is found that the 
peak load with a 30 mm thick UHPC jacket is increased by about 104%. 
In addition, the confined columns exhibit an excellent performance in 
the post-peak phase, in contrast to the brittle failures obtained in case of 
unconfined specimens. The results of these studies suggest that UHPC 
can be an efficient solution to increase the strength of masonry struc-
tures and provide them with ductility, in a simple easy-to-apply process. 
On the other hand, the effectiveness of UHPC reinforcements largely 
depends on their bond capacity, a property that has been analyzed for 
normal strength concrete [42–44], but hardly ever for stone or masonry 
substrates [45]. From these studies, it should be emphasized that UHPC 
usually exhibits good bonding on these surfaces, although the effec-
tiveness of the reinforcement can mainly depend on the roughness or 
moisture content of the substrate. 

Regarding the behavior of UHPC subjected to high temperatures, and 
from the point of view of the objectives of this research, some works 
analyzing the loss of mechanical properties of the material after expo-
sure up to 700 - 800 ◦C are particularly relevant [46–51]. In general 
terms, the results show that UHPC partially retains its mechanical 
properties up to 500 - 600 ◦C, although it undergoes a strong degrada-
tion at higher temperatures. Consequently, it can be concluded that, 
compared with systems based on TRM, UHPC can offer an alternative 
strengthening solution with an interesting potential under high tem-
peratures or fire scenarios. 

After analyzing the state of the art in this area, and as a summary of 
what has been exposed in the preceding paragraphs, two fundamental 
conclusions should be highlighted: (i) UHPC strengthening of masonry 
structures is still a topic that remains largely unexplored and few studies 
have been made on the subject; and (ii) the particular case of UHPC 
reinforcements under high temperatures has not been investigated to 
date and no scientific paper has been found in the literature. Therefore, 
it is considered interesting to obtain experimental data to add to the 
present state of knowledge in this field, for which a four-phase research 
is planned. Firstly, the evolution of the mechanical properties of UHPC 
at temperatures of 20, 200, 400, 600 and 800 ◦C is analyzed, including 
compressive, flexural and tensile strength by means of destructive tests, 
and dynamic modulus of elasticity by non-destructive testing. Secondly, 
the bond capacity of UHPC on masonry substrates at temperatures of up 
to 600 ◦C is evaluated (it was found that after 800 ◦C the material suf-
fered a strong degradation and completely lost its mechanical capacity). 
Since the effectiveness of the reinforcement can largely depend on the 
surface preparation, specimens with flush or raked joints were designed 
to simulate two situations commonly found in case of retrofitting the 
walls of a real building. Thirdly, the UHPC strengthening capacity for 
masonry members is studied, specifically the confinement of square 
cross-section columns and the increase of shear strength of panels sub-
jected to in-plane loads. These tests were carried out at room tempera-
ture and after exposure to 600 ◦C in order to reproduce, under controlled 
laboratory conditions, possible fire scenarios to which these structural 
elements could be exposed. Finally, the experimental results are 
compared with the predictions of some design guides. At the present 
time, no standards are available for the strengthening of masonry 
structures with UHPC, so in this study the main reference guides pub-
lished for TRM are adopted, specifically the American ACI 549.6R-20 

[52] and the Italian CNR-DT 215/2018 [53]. One of the main nov-
elties of this work is precisely to examine whether the theoretical models 
proposed by these guides could be used satisfactorily for the hypotheses 
proposed in this research, in spite of not being specifically formulated 
for masonry strengthened with UHPC, either under normal service 
conditions or after exposure to high temperatures. 

2. Materials and methods 

This section describes the properties of the materials, both the UHPC 
and the components of the masonry members, by means of destructive 
and non-destructive tests. On the other hand, the experimental methods 
to determine the tensile strength of UHPC, and the UHPC-to-masonry 
bond capacity (with two different surface treatments) are detailed. 
Both properties are crucial from the point of view of the objectives of this 
research. Finally, the experimental campaigns designed to study the 
potential of UHPC for masonry strengthening are described: confine-
ment of columns and shear strengthening of masonry walls. Tests were 
performed at room temperature and after exposure up to 800 ◦C. 

2.1. Properties of materials 

The UHPC used in this research was provided by Mapei under the 
commercial designation “Planitop HPC”, which complies with the re-
quirements of EN 1504–3:2005 [54] for R4-class structural mortars, as 
stated by the supplier. It is a ready-mixed free-flowing mortar made from 
two components: component A (made from high-strength cement, 
selected aggregates and special additives), and component B (stiff steel 
fibers). The mixing ratio, as specified by the manufacturer, is as follows: 
100 parts by weight of component A, 6.5 parts by weight of component 
B, and 11.5 to 12.5 parts of water. This dosage results in a water/cement 
ratio of approximately 0.2. The main mechanical properties of the UHPC 
used, according to the data provided by the supplier, are as follows: 
density = 2450 kg/m3; compressive strength = 130 MPa (after 28 days); 
compressive modulus of elasticity = 37 GPa (after 28 days); shear 
strength and slip resistance on concrete substrate with roughened sur-
face ≥ 3.5 MPa; tensile strength at limit of proportionality, typical value 
= 7.2 MPa. Fig. 1 shows a view of the fibers used in the production of the 
UHPC. These fibers, 13 mm in length and 0.21 mm in diameter, are 
made of steel with a tensile strength of 2750 MPa and elongation at 
failure between 1.5 and 3%, as specified by the supplier. 

The mechanical properties of the UHPC were determined 

Fig. 1. Detail of the steel fibers used in the production of the UHPC.  
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experimentally, both at room temperature and after exposure to 200, 
400, 600 and 800 ◦C, and the results are presented and discussed in 
detail in Section 3. For this purpose, 15 specimens of 160×40×40 mm3 

were prepared and tested in flexure and compression according to EN 
1015–11:2019 [55], in series of three samples for each temperature 
level. A programmable electric oven was used, with an increasing 
heating curve of 10 ◦C/min until reaching the target temperature, which 
was kept constant for one hour. The specimens were stored for an 
additional 24 hours inside the switched-off oven until reaching the 
laboratory room temperature. 

Regarding the masonry elements, solid fired clay bricks of di-
mensions 230×110×50 mm3 were used, with a density of 1550 kg/m3 

and a compressive strength of 15 MPa, as declared by the manufacturer. 
New bricks supplied by a local brick factory were used to simulate 
traditional masonry, specifically columns and walls formed by two brick 
leaves in stretched bond, as specified in more detail in Sections 2.5 and 
2.6. For the bed-joint mortar, a natural hydraulic lime mortar with 
pozzolan was used, with a density of 2000 kg/m3 and a minimum 
compressive strength of 7.5 MPa, according to the data provided by the 
supplier. Both materials have been used in previous works developed by 
some of the authors of this research, and their properties have been 
experimentally characterized both at room temperature and after 
exposure up to 600 ◦C [29,30]. Table 1 summarizes the main results 
obtained, as reported in these papers. As can be seen, the bricks retain 
their mechanical properties relatively intact, while the bed-joint mortar 
seems to be much more damaged by the effect of high temperatures, 
with reductions of about 30% (in compression) and 60% (in bending), 
after exposure to 600 ◦C. On the other hand, it has been found in pre-
vious studies that exposure to high temperatures could reduce the me-
chanical capacity of masonry elements, mainly as a consequence of the 
bonding loss at the brick-mortar interface and the cracking of the 
member [31]. 

In addition, it is considered appropriate to highlight the curing pe-
riods adopted for each material. From previous research developed by 
some of the authors of this work [13,29–31], and following the recom-
mendations from suppliers, the hydraulic lime mortar requires a 90-day 
curing period, while UHPC reaches full performance after 28 days. 
Consequently, the masonry members produced for this study were 
maintained for a minimum period of 90 days before applying the UHPC, 
to avoid affecting the natural development of the lime mortar strength. 
After UHPC application, an additional curing period of 28 days was 
scheduled to ensure full capacity of the reinforcements. 

2.2. UHPC tensile strength test 

From the point of view of the objectives of this study, one of the most 
important mechanical properties of UHPC is its tensile strength. For this 
purpose, 15 coupons of 500×100×10 mm3 were produced in individual 
molds, which were kept in ambient laboratory conditions for 28 days, 
covered with a polyethylene sheet to preserve humidity. After this 
period, the samples were arranged in series of three specimens and 
subjected to the same temperature levels specified in Section 2.1, 

following the same heating procedure. The ends of the coupons were 
subsequently reinforced with FRP (quadriaxial glass fiber fabric and 
epoxy resin), 120 mm long on both sides, in order to improve the grip 
conditions with the press plates and prevent the failure of the samples in 
these areas. 

The specimens were tested under uniaxial tensile following the rec-
ommendations of the AC434 [56] and RILEM TC 232-TDT [57] guide-
lines, and according to previous tests on TRM coupons exposed to high 
temperatures [24]. The tests were performed in an electric press 
equipped with a 50 kN load cell and the gripping device was designed to 
allow the free rotation of the specimen at both ends, in order to correct 
possible eccentricity or centering errors. The tests were carried out 
under displacement control at a constant rate of 0.2 mm/min. Two 
linear variable displacement transducers (LVTD) placed on both sides of 
the specimens were used to register the elongations, connected to an 
HBK QuantumX MX1615B data acquisition system programmed at a 
sampling frequency of 1 Hz. Fig. 2a shows a view and a front scheme of 
the tensile test setup, specifying the main dimensions and the charac-
teristics of the different devices. 

2.3. Non-destructive tests 

To evaluate the degradation of mechanical properties of UHPC after 
exposure to high temperatures, the evolution of the dynamic modulus of 
elasticity was studied by means of non-destructive tests. On the one 
hand, the 160×40×40 mm3 prismatic samples were subjected to ultra-
sonic wave propagation tests according to ASTM D2845–08 [58], for 
which a Proceq Pundit Lab + device was used for data acquisition and 
processing, equipped with a 250 kHz wave transducers set. The tests 
were performed along the axial direction of the specimens and an ul-
trasonic couplant was applied to enhance sound transmission. Once the 
velocities of the compression (Vp) and shear (Vs) waves were obtained, 
as well as the density of the mortar (ρ), the dynamic modulus of elas-
ticity can be calculated with Eq. (1). 

Edyn =
ρ⋅V2

s (3V2
p − 4V2

s )

V2
p − V2

s
(1) 

On the other hand, in the UHPC tensile coupons, the fundamental 
bending resonance frequency was determined according to ASTM 
E1875–20a [59]. The specimens were tested simply supported on two 
elastomers at a distance of 0.224 the length of the coupon, from both 
ends. An Erudite MKIV (PC1004) was used as excitation equipment, 
acting in the center of the specimen. A PCB 333B50 accelerometer with a 
sensitivity of 1000 mV/g was attached at one end of the specimen, 
connected to a HBK QuantumX MX1601B datalogger, for signal 
recording and processing. The dynamic modulus of elasticity can be 
computed with Eq. (2), once determined the fundamental bending 
resonance frequency (ff), and the mass (m), length (L), width (b) and 
thickness (t) of the specimen. 
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2.4. UHPC-to-masonry bond test 

A parameter that is considered very relevant for the objectives of this 
research is the bond capacity of UHPC on the masonry substrate. To 
determine this property, a shear test with three bricks and two concrete 
joints was designed according to EN 1052–3:2002 [60], as shown in 
Fig. 2b. The tests were carried out on the same press as that used for the 
tensile coupons, but on this occasion equipped with a 300 kN load cell, 
and also programmed by displacement control at a constant rate of 
0.2 mm/min until failure. A spherical-seat plate was used to apply the 
load, and a system of plates and round bars was designed for the 
placement of the specimen, following the recommendations of the 

Table 1 
Mechanical properties of bricks and bed-joint mortar obtained experimentally 
(coefficients of variation in parentheses).    

at 20 ◦C after 
200 ◦C 

after 400 
◦C 

after 600 
◦C 

Compressive 
strength 
(MPa) 

Bricks 13.9 
(10.4%) 

Not 
tested 

Not 
tested 

13.2 
(9.3%) 

Bed-joint 
mortar 

8.4 
(8.7%) 

9.2 
(6.8%) 

7.1 
(10.0%) 

5.7 
(4.3%) 

Flexural 
strength 
(MPa) 

Bricks 4.2 
(16.9%) 

Not 
tested 

Not 
tested 

3.5 
(11.9%) 

Bed-joint 
mortar 

1.2 
(14.3%) 

1.1 
(7.6%) 

0.7 
(16.9%) 

0.5 
(3.6%)  
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European standard. The setup was equipped with two LVTDs to measure 
the vertical displacement of the central brick, with the same data 
acquisition system and identical sampling frequency as those described 
in the previous section. 

The bond capacity of UHPC depend to a large extent on the surface 
preparation, as has recently been reported for the case of concrete [42] 
or stone [45] substrates. To analyze the bond on masonry, two different 
types of specimens were designed: samples with flush joints (F) and 
samples with raked joints (R), in order to simulate two situations 
frequently found in case of strengthening a wall in a real building. A 
total of 18 specimens were produced, 9 with flush joints and 9 with 
raked joints. A water-cooled saw with a diamond blade was used to cut 
the raked specimens. For the production of the samples, the bricks were 
placed previously saturated with water inside a removable mold, and the 
UHPC was immediately poured onto the joints and smoothed out with a 
smooth-edged metal spatula. The molds were retired after 24 hours and 
the specimens were covered with polyethylene sheets, which were kept 
for 28 days under ambient laboratory conditions. The characteristics 
and dimensions of the two types of specimens manufactured are shown 
in Fig. 3. 

To analyze the effect of high temperatures on the UHPC-to-masonry 
bond, the specimens were heated to different temperatures in series of 
three samples. To determine the temperature levels to be reached in this 
case, the results of the previous tests on prismatic samples and UHPC 
coupons, described in Section 3.1, were analyzed. From these tests it can 
be basically concluded: (i) the material retains its properties relatively 
intact up to 200 ◦C; (ii) shows a significant loss of its mechanical 

capacity between 400 and 600 ◦C; and (iii) it is severely degraded and 
practically useless at 800 ◦C. After analyzing these results, it was decided 
to perform the shear tests at 20 ◦C, and after exposure to 400 and 600 ◦C. 
The heat treatments were carried out in the same oven and with the 
same heating curves presented in the previous sections. It is important to 
remark that before performing the shear tests, the series tested at room 
temperature were dried for 48 hours at 105 ◦C, in order to homogenize 
the conditions of the specimens as much as possible, since the series 
subjected to 400 and 600 ◦C were completely dry after the heating 
process. 

2.5. Confinement of masonry columns with UHPC 

To analyze the strengthening capacity of UHPC by confinement, 10 
masonry columns of dimensions 230×230×610 mm3 were built. Each 
column was composed of 10 brick courses and 12 mm thick mortar 
joints (approximately). The brick corners were previously cut at 45◦ as 
shown in Fig. 4., in order to avoid an excessive stress concentration at 
the edges that may cause a premature failure of the UHPC jacket. As 
mentioned in Section 2.1, a natural hydraulic lime mortar was used for 
the production of the masonry elements, so the columns were kept for a 
period of 90 days in ambient laboratory conditions to ensure sufficient 
curing time. 

After curing, 6 of the 10 columns were confined with UHPC in molds 
with a clear internal dimension of 300×300 mm2 in order to produce a 
35 mm thick jacket, as shown in Fig. 4. To avoid transmitting 
compressive loads to this UHPC jacket and to evaluate only its 

Fig. 2. Detail of test setups: (a) tensile strength test on UHPC coupons; (b) shear strength test to analyze UHPC-to-masonry bond.  

Fig. 3. Detail of specimens prepared for UHPC-to-masonry bond tests.  
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confinement capacity, a gap of approximately 15 mm was left without 
concrete at both ends of the columns. The strengthening process basi-
cally involved the following steps: (i) cleaning of the sides of the col-
umns by means of a steel wire brush and compressed air; (ii) pre-wetting 
of the masonry substrate to avoid water absorption from UHPC; (iii) 
mold installation and UHPC pouring; (iv) removal of the mold after 
24 hours and protection of specimens with polyethylene sheets; and (v) 
cured under ambient laboratory conditions for 28 days. 

The experimental campaign of the columns was designed as specified 
in Table 2. On this occasion, specimens were tested at room temperature 
and after a single exposure level of 600 ◦C. This temperature was 
determined on the basis of the results previously obtained in the UHPC 
tests, as explained in the previous section. The heat treatment was car-
ried out in the same oven described above, programmed with an 
increasing heating curve of 10 ◦C/min up to 600 ◦C, although in this case 
the target temperature was kept constant for two hours. The specimens 
then remained in the switched-off oven for an additional 24 hours until 
reaching the ambient laboratory temperature, as in the other tests 
described in the previous sections. For temperature monitoring, two 
thermocouples were installed, one on the outer surface of the UHPC and 
the other at the UHPC-masonry interface. The data revealed that the 
thermocouple at the UHPC-masonry interface reached a temperature of 
approximately 550 ◦C when disconnecting the oven, although one hour 
later it showed a maximum peak close to 600 ◦C. Therefore, the process 
of heating the specimens was considered sufficiently effective. 

The columns were tested in uniaxial compression in a hydraulic press 
equipped with a 700 kN load cell. To improve contact with the press 
plates, the ends of the specimens were previously regularized with a 
layer of mortar. A spherical-seat platen was used to apply the load, in 
order to correct possible manufacturing or centering errors in the col-
umns. The tests were performed under displacement control at a con-
stant rate of 0.4 mm/min until failure. A set of LVDTs attached with 
chemical anchors to the sides of the specimens were used to monitor 
vertical deformations, connected to the same data acquisition 

equipment and with the same sampling frequency as indicated in the 
previous sections. Fig. 5 includes two images of the uniaxial compres-
sion test for a column from the C20 set (Fig. 5a), and another from the 
C20U set (Fig. 5b), showing the arrangement of the LVDTs on the 
specimens. 

2.6. Shear strengthening of masonry panels with UHPC 

Finally, to analyze the capacity of UHPC to increase the shear 
strength of masonry walls under in-plane loads, 12 panels of dimensions 
610×610×230 mm3 were prepared, formed by two brick leaves in 
stretched bond (Fig. 6a). Each specimen was composed of 10 brick 
courses and approximately 12 mm thick mortar joints, which were 
raked out as the panels were built, in order to improve the UHPC-to- 
substrate bond (Fig. 6b). The specimens were also kept for a 90-day 
curing period under ambient laboratory conditions, as were the col-
umns. Once this period was completed, six panels were strengthened on 
both sides with a 20 mm thick layer of UHPC (Fig. 6c). For the appli-
cation of the reinforcements, the same procedure described above for 
the case of the columns was basically followed. However, to facilitate 
the UHPC casting process, the panels were placed in horizontal position 
and the strengthening was done in two consecutive days, turning the 
specimens after 24 hours to cast the concrete layer on the opposite side. 
Obviously, this was a laboratory sample manufacturing process, while in 
a real building a formwork would be required and the UHPC would be 
poured from the top. Once the reinforcements were applied, the speci-
mens were kept covered with polyethylene sheets for an additional 28 
days. 

The design of the experimental campaign for the panels is detailed in 
Table 2. A single exposure temperature of 600 ◦C was adopted, as 
justified in the previous section for the case of the columns, with the 
same heating process. All the panels were tested in diagonal compres-
sion with the same hydraulic actuator as indicated in the previous sec-
tion, and with identical parameters to those explained for the columns. 
The specimens were placed between two loading shoes made of 10 mm 
thick welded steel plates. To improve the contact with the masonry, the 
bearing surfaces were previously regularized with a layer of mortar. For 
strain monitoring, each panel was instrumented with two LVDTs ori-
ented along both main diagonals, in order to determine the elongation in 
the X-direction and the shortening in the Y-direction. The gage length 
was 400 mm for both LVDTs. The same data acquisition system indi-
cated in the previous sections was used, with the same sampling fre-
quency. Fig. 5c shows an image of the diagonal compression test setup, 
for a panel corresponding to the P20U set. 

Fig. 4. Column manufacturing: (a) plan and front schemes; (b) unconfined column; (c) detail of mould arrangement; (d) UHPC confined column.  

Table 2 
Summary of experimental campaign with masonry columns and panels.    

Temperature ID Samples 

Columns Unconfined At 20 ◦C C20-i i = 1,2 
After 600 ◦C C600-i i = 1,2 

UHPC confined At 20 ◦C C20U-i i = 1,2,3 
After 600 ◦C C600U-i i = 1,2,3 

Panels Unreinforced At 20 ◦C P20-i i = 1,2,3 
After 600 ◦C P600-i i = 1,2,3 

UHPC reinforced At 20 ◦C P20U-i i = 1,2,3 
After 600 ◦C P600U-i i = 1,2,3  
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3. Results and discussion 

This section presents and discusses the results obtained experimen-
tally. Firstly, the loss of mechanical properties of UHPC after exposure to 
high temperatures is analyzed, by both destructive and non-destructive 
tests. Secondly, the UHPC-to-masonry bond capacity is evaluated, as a 
function of surface preparation and temperature exposure. Finally, the 
results of compression tests on columns and diagonal compression tests 
on panels are discussed and compared with the predictions of some 
design guides, as described in Section 1. 

3.1. Mechanical properties of UHPC after exposure to high temperatures 

The mechanical properties of UHPC obtained experimentally are 
summarized in Table 3, for the five temperature levels studied, including 
the corresponding coefficients of variation in parentheses. This table 
shows the results of flexural and compression tests on 160×40×40 mm3 

specimens (Section 2.1), tensile tests on 500×100×10 mm3 coupons 
(Section 2.2) and non-destructive tests in both cases (Section 2.3).  
Fig. 7a shows the normalized residual strengths, in order to easily 
visualize the loss of mechanical properties of the material as a function 
of temperature. On the other hand, Fig. 7b shows the evolution of the 
dynamic modulus of elasticity, determined by the two procedures 
already described, and discussed below. As can be seen, UHPC retains its 
compressive and flexural strength up to 400 ◦C, while these properties 
exhibit a reduction of about 40% after exposure to 600 ◦C, due to 
chemical decomposition of cement compounds beyond 500 ◦C [50]. At 

800 ◦C, the results reveal a strong degradation of the material, with 
strength drops above 80%. 

Regarding tensile tests of UHPC coupons, the stress-strain curves 
obtained experimentally are shown in Fig. 8. To calculate the tensile 
stress, the applied load is divided by the cross section of the specimen, 
measured in each sample by means of a micrometer with a precision of 

Fig. 5. Test setups: (a) uniaxial compression, unconfined column; (b) uniaxial compression, confined column; (c) diagonal compression, strengthened masonry panel.  

Fig. 6. Panel manufacturing: (a) plan and front scheme; (b) detail of raked joints to improve UHPC-to-substrate bond; (c) masonry panel strengthened with UHPC.  

Table 3 
Mechanical properties of UHPC after exposure to high temperatures (coefficients 
of variation in parentheses).   

at 20 ◦C after 200 
◦C 

after 400 
◦C 

after 600 
◦C 

after 
800 ◦C 

Compressive 
strength (MPa) 

118.1 
(1.9%) 

126.6 
(1.7%) 

122.8 
(1.8%) 

73.8 
(8.9%) 

23.8 
(1.8%) 

Flexural strength 
(MPa) 

27.9 
(16.9%) 

27.8 
(6.1%) 

26.1 
(1.4%) 

17.2 
(12.4%) 

3.5 
(5.2%) 

Tensile strength 
(MPa) 

7.5 
(7.8%) 

7.2 
(6.4%) 

4.3 
(8.7%) 

3.4 
(13.6%) 

0 

Modulus of 
elasticity 
(MPa)a 

39206 
(1.6%) 

37750 
(1.4%) 

30160 
(1.1%) 

15406 
(3.1%) 

6226 
(2.4%) 

Modulus of 
elasticity 
(MPa)b 

33619 
(11.5%) 

27004 
(10.5%) 

19428 
(5.0%) 

10036 
(9.1%) 

0  

a Dynamic modulus from ultrasonic wave propagation tests in 160×40×40 
mm3 mortar samples 

b Dynamic modulus from sonic resonance tests in 500×100×10 mm3 tensile 
coupons 
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0.01 mm. The strain is determined from the average values of the two 
LVDTs installed on both sides of the coupon. The curves are only plotted 
up to 600 ◦C, as after exposure to 800 ◦C it was found that the UHPC was 
completely degraded, and the coupons could be easily cracked by 
applying a slight tensile load with the hands. In these conditions, the 
tensile strength is considered to be virtually zero. As the curves show, 
the tensile behavior of UHPC is characterized by an approximately linear 
response until the peak tensile stress is reached. The tensile strength 
included in Table 3 is computed as the average value of this peak stress, 
for the three samples tested in each set. This point corresponds to the 
cracking of the specimen, which results in an abrupt decrease in the 
stress-strain curves. After this point, as can be seen, the slope of the 
curves becomes smoother as tensile stresses are transferred to the steel 
fibers. Analyzing Fig. 7a, it can be clearly observed how UHPC retains its 
tensile strength at moderate temperatures. However, the thermal strain 
mismatch between the different components (steel fibers, aggregates 
and cement) leads to microcrack development and fiber anchorage is-
sues [48,50], resulting in a significant loss of strength above 40% after 

400 ◦C and almost 60% after 600 ◦C, while after 800 ◦C the material 
loses all its mechanical capacity, as previously mentioned. 

As commented above, Table 3 also includes the results of the dy-
namic modulus of elasticity obtained by the two techniques explained. 
Due to the strong degradation shown by the coupons after exposure to 
800 ◦C, it was not possible to perform the sonic resonance test, so it is 
assumed that the value of Edyn is virtually zero in this set. Analyzing the 
normalized residual values plotted in Fig. 7b, it can be seen that the 
dynamic modulus of elasticity shows an approximately linear decrease 
as the exposure temperature is increased, with the sonic resonance 
method showing higher reductions and a clearer trend. 

To conclude this section, Fig. 9 shows a specimen corresponding to 
each of the series analyzed after the destructive tests. As can be seen, 
there are no appreciable visible differences between the specimens 
tested at room temperature or after exposure to 200 ◦C, confirming that 
the material remains relatively intact at moderate temperatures. In the 
coupons tested in tensile, failure was caused by the appearance of a 
single crack perpendicular to the direction of the applied load, while the 

Fig. 7. Evolution of UHPC mechanical properties as a function of temperature: (a) compressive, flexural and tensile strength; (b) dynamic modulus of elasticity. 
Normalized residual values in all cases. 

Fig. 8. Tensile stress-strain curves for UHPC coupons: (a) tested at room temperature; (b) after 200 ◦C; (c) after 400 ◦C; (d) after 600 ◦C.  
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steel fibers kept the specimens attached until the end of the test. After 
exposure to 400 ◦C, the UHPC was clearly affected by the effect of 
temperature. The crack in the coupons progressed rapidly after the 
maximum load was reached, and the specimens were split into two 
parts. The fracture showed that approximately 50% of the fibers failed 
under tension, which corresponds to the significant strength decrease 
that can be observed in Fig. 7a. After exposure to 600 ◦C, the fibers 
practically disappeared, as can be seen both in the prismatic samples and 
in the coupons, and the mechanical capacity of the material was seri-
ously compromised. This behavior is clearly evident in the curves of 
Fig. 8d, which show how the absence of fibers disables the development 
of a certain mechanical capacity in the post-peak phase, which can be 
observed in the rest of the series tested. Finally, after being exposed to 
800 ◦C, the prismatic samples partially preserved their integrity, but the 
coupons were completely degraded and could easily be broken by hand, 
as mentioned above. On examining the fractures, no trace of the fibers 
could be found after exposure to this temperature. 

3.2. UHPC-to-masonry bond depending on temperature and substrate 
preparation 

The results of the UHPC-to-masonry bond tests are shown in Fig. 10 
as load vs. slip curves, adopting the average values provided by the two 

LVDTs arranged as described in Section 2.4. On the other hand, Table 4 
provides data for the peak load, depending on joint type and exposure 
temperature. In this table, the shear strength is calculated according to 
Eq. (3), where Ai is the cross-sectional area of the specimen parallel to 
the bed joints, i.e., 110×230 mm2 [60]. 

Fig. 9. UHPC specimens after destructive tests: 160×40×40 mm3 mortar samples and 500×100×10 mm3 tensile coupons.  

Fig. 10. UHPC-to-masonry bond: (a) flush vs. raked joint at room temperature; (b) flush joint at room temperature and after 400 and 600 ◦C; (c) raked joint at room 
temperature and after 400 and 600 ◦C. 

Table 4 
UHPC-to-masonry bond: experimental results for peak load (coefficients of 
variation in parentheses).    

at 20 ◦C after 400 ◦C after 600 ◦C 

Maximum load, 
Vmax (kN) 

Flush joint 
(F) 

55.48 53.19 32.95 

Raked joint 
(R) 

71.43 57.96 53.00 

Shear strength, τ 
(MPa) 

Flush joint 
(F) 

1.10 
(1.63%) 

1.05 
(10.39%) 

0.65 
(12.53%) 

Raked joint 
(R) 

1.41 
(3.06%) 

1.15 
(6.98%) 

1.05 
(4.33%) 

Maximum slip, s 
(mm) 

Flush joint 
(F) 

0.78 
(18.31%) 

0.68 
(7.08%) 

0.60 
(22.71%) 

Raked joint 
(R) 

0.76 
(3.64%) 

0.71 
(13.37%) 

0.62 
(8.66%)  
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τ =
Vmax

2Ai
(3) 

As can be seen, at room temperature, a 28% increase in shear 
strength is achieved with the raked joints (Fig. 10a). In a real application 
in a building with flush joint masonry walls, it could therefore be 
interesting to prepare the substrate in advance by raking out these joints, 
in order to improve the efficiency of the UHPC strengthening layers. 
Analyzing the effect of temperature, it can be seen that in the specimens 
with flush joints the shear strength is retained up to 400 ◦C, while after 
exposure to 600 ◦C a decrease of about 40% is registered (Fig. 10b). The 
specimens with raked joints, on the other hand, seem to exhibit a better 
response under these conditions, with maximum strength drops by 25% 
after exposure to 600 ◦C (Fig. 10c). In any case, it should be noted that in 
all the tested series there were brittle failures and the post-peak phase 
observed in the tensile tests (Fig. 8) was not found. Consequently, it will 
be crucial to consider this circumstance in the design phase of the 
strengthening of a masonry member with UHPC, adopting appropriate 
safety factors to prevent these failures. 

In order to analyze the failure modes obtained, Fig. 11 shows the 
classification proposed by the European standard EN 1052–3:2002 [60]. 
In case of poor bonding conditions between UHPC and masonry sub-
strate, failures A and B would be expected, usually in applications on 
smooth surfaces or with possible manufacturing defects (insufficiently 
clean substrates, lack of wetting, or inadequate curing conditions, for 
example). Failure C may occur in case of weak mortars applied on 
substrates with higher mechanical capacity. Failure D would correspond 
to high strength mortars applied on weaker substrates. This failure mode 
is the one that a priori should be obtained in this investigation, at least at 
room temperature scenario, taking into account the properties of the 
materials used (Section 2.1). Finally, with respect to failure E, it may 
occur in case of mortars and substrates with similar mechanical prop-
erties and optimal bonding conditions. 

A representative sample of each of the series tested is shown in  
Fig. 12. Analyzing first the behavior of the specimens with flush joints, it 
is observed that the failure was caused by the fracture of the brick 
(failure D), leaving a layer of clay approximately 5–10 mm thick 
remained closely attached to the UHPC. Both materials were found to 
bond strongly to each other and there were no significant differences 
between the samples tested at room temperature and those subjected to 
400 ◦C. However, the behavior changed drastically after exposure to 600 
◦C, with debonding at the UHPC-brick interface on one (failure A) or 
both sides (failure B). This failure mode is clearly reflected in the shear 
strength decrease registered in this series (Fig. 10b). It can be concluded, 
therefore, that exposure to high temperatures can significantly reduce 
the UHPC-to-masonry bond in case of walls with flush joints. 

Regarding specimens with raked joints, the bricks were seen to break 
in all cases (failure D) regardless of whatever temperature they had been 
subjected to. The plane of the fracture coincided approximately with the 
bottom of the raked joint and a slight debonding at the UHPC-brick 
interface was only found in some of the specimens exposed to 600 ◦C 
which, however, did not result in a significant strength drop (Fig. 10c). 

Consequently, it can be concluded that the effect of raking out the joints 
can be highly beneficial from the point of view of fire resistance of these 
reinforcements and could prevent premature debonding of the UHPC 
layers from the masonry substrates. In any case, in future research it will 
be interesting to analyze the possible addition of mechanical connectors 
as an alternative solution to the raked joints, as this solution could 
considerably reduce the costs and execution times of applications in real 
buildings. 

3.3. Analysis of column confinement and comparison with design guides 

For the discussion of the results of the columns tested in compression, 
the failure modes obtained in the different series studied are presented 
first. In the unconfined columns (Fig. 13a) it can be seen that the typical 
vertical cracks of masonry elements under compression appeared in the 
final phases of the tests, with relatively fragile failures. All the samples 
tested at whatever temperature showed the same behavior. In the 
confined columns, the failure started from a vertical crack in the center 
of each side (Fig. 13b), spreading to the full height of the UHPC jacket. 
These cracks appeared at around the time that the maximum load was 
applied, and then gradually widened during the rest of the test. In all 
cases, it was observed in the later stages that the crack on one side 
spread much faster than the others, until the specimen failed (Fig. 13c). 
Overall, in the post-peak phase, it was found that UHPC jacket provided 
the column with ductility, since the actuator either kept a relatively 
constant load or registered a slight drop that was prolonged in time, with 
the response being largely dependent on the temperature it had been 
exposed to. In the specimens tested at room temperature, the steel fibers 
were seen to effectively bridge the cracks (Fig. 13d), which resulted in a 
greater capacity to keep the load practically constant, with slight de-
creases in the final stages of the tests. However, in the columns exposed 
to 600 ◦C, the tensile capacity of the fibers was severely affected 
(Fig. 13e), which resulted in a much more pronounced load drop. As can 
be seen, there is a direct correspondence between the cracking of the 
jacket as a function of temperature and the results obtained in the tensile 
tests on UHPC coupons, as described in Section 3.1 (Fig. 8a, d and 
Fig. 9). It is also important to highlight the fact that the cracks affected 
the LVDTs anchorage in most cases, as can be clearly seen in Fig. 13b. 
For this reason, no reliable data are available to calculate the axial 
deformation of the columns and, consequently, the corresponding stress- 
strain curves cannot be provided. The analysis below is therefore given 
in terms of maximum compressive strength, since the post-peak 
behavior could not be properly characterized. It is suggested to 
consider this circumstance in future research and to design other 
monitoring strategies that can solve this problem, such as analysis by 
contactless techniques, e.g. Digital Image Correlation (DIC), or systems 
based on Distributed Fiber Optic Sensors (DFOS), which have been 
effectively tested in previous studies on masonry elements [61,62]. 

The results obtained are shown in Table 5 for all the specimens 
tested, in terms of maximum compressive load (Fmax) and corresponding 
compressive strength, for both unconfined (fmo) or confined (fmc) col-
umns, including average values and coefficients of variation in 

Fig. 11. UHPC-to-masonry bond: failure modes according to EN 1052-3:2002 [60].  
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parentheses. For the calculation of the compressive strength, the ma-
sonry cross-section is adopted in both cases (without considering the 
thickness of the UHPC) because, as specified in Section 2.5, a gap of 
approximately 15 mm was kept at the ends of the columns to avoid 
direct vertical compression on the jacket. Analyzing the response of the 
unconfined columns, it can be seen that the effect of high temperature 

reduces the compressive strength by approximately 50%. In these 
specimens, a significant degradation was observed after exposure to 600 
◦C, with loss of masonry assembly and bond defects between the bricks 
and the bed-joint mortar in some areas. Similar degradation was also 
observed in previous studies with masonry walls subjected to real fire 
[31]. Regarding confined columns, it can be seen that UHPC jacket 
approximately doubled the compressive strength, with respect to C20 
set. Contrary to what might be expected a priori, the experimental re-
sults show that the compressive strength of confined columns is practi-
cally identical, both for the specimens tested at room temperature and 
those exposed to 600 ◦C. Undoubtedly, in addition to confinement, the 
UHPC layer seems to produce an insulating effect on the masonry core. 
In view of the results, it can be concluded that the strengthening of 
masonry columns with UHPC jackets can be a very effective solution, 
even under high temperature exposure or fire scenarios. 

To complete the analysis of the behavior of confined columns, it is 
considered interesting to compare the results obtained experimentally 
with the predictions of some design guides. As there are no published 
standards available at the present time for strengthening masonry 
structures with UHPC, this study adopts the column confinement models 
proposed by the main guides for TRM, specifically the American ACI 
549.6R-20 [52] and the Italian CNR-DT 215/2018 [53]. One of the main 
novelties of this work is precisely to check whether these models, despite 
not having been specifically formulated for confinement with UHPC or 
after exposure to high temperatures, could be satisfactorily used under 
the hypotheses proposed in this research. It should be mentioned that 
the notation defined in both guides has been slightly modified, in order 

Fig. 12. UHPC-to-masonry bond: examples of failure modes obtained as a function of temperature and substrate preparation.  

Fig. 13. Uniaxial compression tests in columns: (a) unconfined column; (b) crack patterns in confined column; (c) confined column at the end of the test; (d) crack 
detail in confined column at room temperature; (e) crack detail in confined column after exposure to 600 ◦C. 

Table 5 
Compressive strength for unconfined (fmo) or confined (fmc) columns: experi-
mental results and design guides prediction (coefficients of variation in 
parentheses).  

ID Fmax 

(kN) 
fmo 

(MPa) 
Average 
fmo 

(MPa) 

fmc 

(MPa) 
Average 
fmc (MPa) 

Prediction 
fmc (MPa) 

ACI CNR 

C20-1 267.0 5.37 5.15 
(6.07%) 

- - - - 
C20-2 245.0 4.93 - 
C600-1 148.6 2.99 2.70 

(15.18%) 
- - - - 

C600-2 119.8 2.41 - 
C20U-1 418.2 - - 8.41 9.68 

(11.32%) 
8.86 9.12 

C20U-2 508.3 - 10.23 
C20U-3 516.3 - 10.39 
C600U- 

1 
482.0 - - 9.70 9.05 

(10.27%) 
6.84 7.56 

C600U- 
2 

396.8 - 7.98 

C600U- 
3 

470.2 - 9.46  
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to homogenize the formulation between the two documents. 
The maximum confined masonry compressive strength (fmc) can be 

obtained from unconfined strength (fmo) by Eq. (4) and Eq. (5), as 
specified in the American and Italian guides, respectively. 

ACI : fmc = fmo + 3.3⋅Ψf ⋅fl,eff (4)  

CNR : fmc = fmo

[

1 + k’
(

fl,eff

fmo

)α1]

(5) 

In these expressions: Ψ f = 0.95 is a reduction factor, which is not 
considered in this study (the formulation has been found to better match 
the experimental results without this factor); fl,eff is the effective 
confining pressure; k’ is a coefficient of strength increase, that can be 
obtained by Eq. (6); and the exponent α1 can be assumed equal to 0.5, in 
absence of further experimental evidence. 

k’ = α2

( gm

1000

)α3
(6) 

In this equation: gm is the masonry mass density, expressed in kg/m3; 
and the coefficients α2 and α3 should be assumed prudently equal to 1 if 
experimental results are no available to justify higher values. To deter-
mine the masonry density, the columns were measured and weighed, 
obtaining an average value of 1648 kg/m3 (C20 set) and 1483 kg/m3 

(C600 set), so k’ ≈ 1.65 for the columns tested at room temperature and 
k’ ≈ 1.48 for the specimens exposed to 600 ◦C. 

Regarding the effective confining pressure, it can be calculated by 
Eq. (7), as a function of the maximum confinement pressure (fl), the 
coefficient of horizontal efficiency or shape factor (kh) and the coeffi-
cient of vertical efficiency (kv). 

fl,eff = kh⋅kv⋅fl (7) 

The maximum confinement pressure (fl) is defined in both guides for 
the case of TRM jackets according to Eq. (8), where: nf is the number of 
layers of fabric reinforcement; tf is the equivalent thickness of the fibers 
in the direction orthogonal to the axis of the column; Ef is the elastic 
modulus of the reinforcement, which ACI assumes to be the modulus of 
the cracked phase determined in tensile TRM coupons tests, while CNR 
directly adopts the elastic modulus of the dry textile; εfd represents the 
design ultimate strain, which each of the guides considers in a different 
way: ACI sets a limit value of 0.012 for confinement applications, while 
CNR introduces a conventional limit deformation (εlim,conv) that takes 
into account the different failure modes of TRM; and D is the diagonal 
length of the square cross-section, as specified in Fig. 14. 

fl =
2⋅nf ⋅tf ⋅Ef ⋅εfd

D
(8) 

To adapt this formulation to the case of UHPC confinement, the 
following assumptions are made: (i) nf ⋅tf is equivalent to the UHPC 
jacket thickness (tc, as specified in Fig. 14); and (ii) Ef ⋅εfd is equivalent to 
the UHPC tensile strength (ft), depending on exposure temperature 
(Table 3). Consequently, the maximum confinement pressure for the 

columns strengthened with UHPC jackets is estimated with Eq. (9). 

fl =
2⋅tc⋅ft

D
(9) 

Regarding the coefficient of horizontal efficiency, in case of square 
section columns, it can be calculated by Eq. (10), where Am is the ma-
sonry cross-section and Ae represents the area of the effectively confined 
column, provided by Eq. (11). All variables included in these equations 
are defined in Fig. 14, which also shows one of the strengthened columns 
exposed to 600 ◦C, after the compression test. 

kh =
Am

Ae
(10)  

Ae = Am −
2(b − 2r)2

3
(11) 

Finally, the coefficient of vertical efficiency is only applicable in case 
of discontinuous wrappings, so kv = 1 is adopted in this study. 

The results provided by Eqs. (4) and (5) are included in Table 5. It is 
important to note that in these equations, the average fmo = 5.15 MPa 
(corresponding to the C20 set) is used both in the columns tested at room 
temperature and in those exposed to 600 ◦C. The reason for adopting this 
value in both cases is that, after the compression tests, it was found that 
the masonry core was sound and did not show the degradation observed 
in the C600 set, undoubtedly due to the protection of the UHPC jacket 
(Fig. 14). It is not reasonable, therefore, to adopt a value fmo = 2.70 MPa 
for the strengthened specimens exposed to 600 ◦C, since this approach 
does not faithfully represent reality. The comparison of the experimental 
results with the theoretical values provided by both confinement models 
is represented in Fig. 15. As can be seen, in case of the columns tested at 
room temperature, both guides provide a great level of accuracy, with 
differences of less than 10%. It can therefore be concluded that the 
formulation included in these standards, with the adaptations proposed 

Fig. 14. Example of a strengthened column exposed to 600 ◦C after the compression test, and confinement scheme with UHPC jacket.  

Fig. 15. Column compressive strength: experimental results (EXP) and pre-
diction according to ACI 549.6R-20 [52] and CNR-DT 215/2018 [53]. 
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in this study, could be successfully used in case of confinement of ma-
sonry columns with UHPC. Of course, this conclusion is limited exclu-
sively to the results obtained in this research, based on a small number of 
specimens, and should be further validated by more experiments in the 
future. Regarding the columns exposed to 600 ◦C, however, it is evident 
that the theoretical models tend to underestimate the results. The main 
reason is that the tensile strength of UHPC in Eq. (9) is derived from 
tensile tests on 10 mm thick coupons exposed to 600 ◦C on both sides, 
while the UHPC jacket, thicker and exposed only on one side, seems to 
exhibit a better response under high temperatures. 

3.4. Analysis of shear strengthening of panels and comparison with design 
guides 

In the same way as in the case of columns, and as explained in Section 
3.3, to discuss the results of diagonal compression tests on masonry 
panels, it is convenient to previously present the failure modes obtained. 
The unreinforced panels tested at room temperature (Fig. 16a) showed 
brittle failures, with cracking of the specimens along the direction of the 
main compressed diagonal in a stair-stepped pattern, i.e., cracks 
following the joints between the bricks and the mortar. The failure mode 
was similar in the unreinforced panels exposed to 600 ◦C (Fig. 16b), 
although in this case the masonry showed greater degradation after 
cracking and ended in a total collapse. This degradation was mainly 
attributed to the bonding loss at the brick-mortar interface after expo-
sure to high temperatures, as discussed in previous sections. Regarding 
the UHPC-reinforced panels, the failure mode was identical, both for the 
specimens tested at room temperature (Fig. 16c) and those subjected to 
600 ◦C (Fig. 16d). The failure started from a crack observed in the 
midplane of the panel, but with a noticeable difference: while in the 
P20U set this crack appeared approximately when the peak load was 
reached, in the P600U set the cracking was identified from the early 
stages of the test, and the maximum load supported by the panels was 
considerably lower. The post-peak phase was characterized in all cases 
by a slow load decrease as the crack width progressed and the gap be-
tween both brick leaves increased. It was found, therefore, that the 
UHPC reinforcement provided a remarkable ductility to the panels and 
prevented the brittle failures obtained in the unreinforced specimens. As 
can be clearly observed, the UHPC layers remained intact in all cases, 
without any cracks and evidencing a perfect bond with the masonry 
substrate, even after high temperature exposure, which proved the 
effectiveness of the surface preparation by raking out the joints (Fig. 6b). 
On the other hand, it is important to emphasize that the analysis pre-
sented below will be carried out only in terms of shear strength because, 
given the failure modes obtained, it was not possible to properly char-
acterize the post-peak behavior of the strengthened panels. To provide 
shear stress-strain curves it is necessary to measure the shortening of the 

diagonal in the load direction (vertical) and the extension of the 
orthogonal diagonal (horizontal). However, as the crack between both 
brick leaves progressed, the horizontal LVDT did not record elongations 
in the post-peak phase, but shortened as the panel deformed. For this 
reason, no reliable data are available to build the corresponding shear 
stress-strain curves. In this sense, the use of transverse connectors to 
avoid the separation between the brick leaves, as suggested by the ACI 
549.6R-20 [52] guidelines, could be very appropriate for future 
investigations. 

The experimental results of the diagonal compression tests are shown 
in Table 6, in which Fmax is the maximum load reached by each spec-
imen. In addition, the average values of these loads are provided, in 
terms of in-plane shear capacity of unreinforced (Vurm) or reinforced 
(Vrm) masonry panels, including the corresponding coefficients of vari-
ation in parentheses. Analyzing first the response of the unreinforced 
panels, it can be seen that exposure to 600 ◦C reduced the shear strength 
by almost 50%, for the reasons already mentioned above. Regarding the 
strengthened specimens tested at room temperature, it was found that 
the UHPC layers increased the shear strength by almost 65% (with 
respect to the P20 set), and provided significant ductility to the panels. 
In the strengthened specimens tested after 600 ◦C, it was observed that 
exposure to high temperatures significantly reduced the effectiveness of 
the UHPC layers. However, even under these conditions, it was possible 
to restore the shear capacity of the panels to that of the P20 set, and 
provide a ductility that they initially lacked. In view of the results, it can 

Fig. 16. Diagonal compression tests: (a) unreinforced panel at 20 ◦C; (b) unreinforced panel after exposure to 600 ◦C; (c) UHPC reinforced panel at 20 ◦C; (d) UHPC 
reinforced panel after exposure to 600 ◦C. 

Table 6 
In-plane shear capacity of masonry panels: experimental results and design 
guides prediction (coefficients of variation in parentheses).  

ID Fmax 

(kN) 
Average 
Vurm 

(kN) 

Average 
Vrm 

(kN) 

ACI prediction CNR prediction 

Vf 

(kN) 
Vrm 

(kN) 
Vf 

(kN) 
Vrm 

(kN) 

P20-1 238.1 204.9 
(15.9%) 

- - - - - 
P20-2 172.8 
P20-3 203.9 
P600-1 101.4 116.1 

(17.9%) 
- - - - - 

P600-2 38.3a 

P600-3 130.8 
P20U-1 388.0 - 336.6 

(13.6%) 
182.5 387.4 146.0 350.9 

P20U-2 299.8 
P20U-3 322.0 
P600U- 

1 
197.6 - 215.0 

(8.8%) 
83.0 199.1 66.4 182.5 

P600U- 
2 

235.2 

P600U- 
3 

212.0  

a The specimen P600-2 is not considered in the average 
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be concluded that UHPC can offer a potential strengthening solution for 
masonry walls against in-plane loads, even under high temperatures or 
fire scenarios, always after a proper surface preparation to guarantee an 
optimal bond to the masonry substrate. Nevertheless, it will be inter-
esting to explore in future research the possibility of including trans-
verse connectors in case of multi-wythe walls, to prevent the wythe 
separation [52]. 

To conclude this section, the experimental results are compared with 
the predictions of the ACI 549.6R-20 [52] and CNR-DT 215/2018 [53] 
theoretical models. As in the case of the columns, the aim of this study is 
to check whether the models developed for in-plane shear capacity of 
TRM-strengthened masonry walls could be successfully used in case of 
reinforcement with UHPC layers, both for undamaged walls and after 
exposure to high temperatures. As in Section 3.3, the notation defined in 
the guides has been slightly modified to homogenize the formulation 
between both documents. 

The in-plane shear capacity of a strengthened masonry wall (Vrm) can 
be estimated by simply adding the contribution of the reinforcement (Vf) 
to the shear strength of the unreinforced wall (Vurm), as specified in Eq. 
(12). 

Vrm = Vurm + Vf (12) 

The shear strength of the unreinforced wall can be calculated ac-
cording to the design standards for masonry structures (e.g. [63]), or it 
can also be determined experimentally, as in the case of this work. 
Regarding the contribution of the reinforcement, Eq. (13) and Eq. (14) 
present the formulation provided by the American and the Italian 
guides, respectively. 

ACI : Vf = nf ⋅tf ⋅lf ⋅Ef ⋅εfd (13)  

CNR : Vf =
1

γRd
⋅nf ⋅tf ⋅lf ⋅αt⋅Ef ⋅εfd (14) 

In these equations: nf, tf, Ef and εfd have been previously introduced 
in Section 3.3; lf is the dimension of the reinforcement measured 
orthogonally to the shear force, i.e., the lateral dimension of the panel 
(610 mm); γRd is a partial safety factor equal to 2, which is not consid-
ered in this study for a proper comparison between predictions and 
experimental results; and αt is a coefficient that, in absence of further 
experimental evidence, can be assumed equal to 0.8. To adapt the 
formulation to the case of UHPC-strengthened masonry walls, the same 
considerations explained in the previous section are assumed, resulting 
in Eqs. (15) and (16), where: tc is the total thickness provided by the two 
UHPC layers (i.e., 40 mm, as specified in Fig. 6a); and ft is the UHPC 
tensile strength, depending on exposure temperature (Table 3). As can 
be seen, the shear strength provided by the Italian guide is 20% lower, 
due to the application of the coefficient αt. 

ACI : Vf = tc⋅lf ⋅ft (15)  

CNR : Vf = 0.8⋅tc⋅lf ⋅ft (16) 

The results obtained using both equations are included in Table 6. It 
should be noted that in the calculation of Vrm, a different value of the 
shear strength of the unreinforced walls is adopted on this occasion: Vurm 
= 204.9 MPa (for the P20U set) and Vurm = 116.1 MPa (for the P600U 
set). It has been decided to adopt these values because, as mentioned 
above, the masonry core of the UHPC-reinforced panels exposed to 600 
◦C revealed a certain damage, contrary to what was observed in the case 
of the columns. This damage was probably due to a larger exposed area 
of the masonry core (the full thickness of the panel around its entire 
perimeter). To facilitate the interpretation of the results, Fig. 17 shows 
the in-plane shear strength of all the series analyzed. This graph is 
plotted in terms of shear stress (τ), determined according to Eq. (17) 
from ASTM E519/E519M-21 [64]. 

τ =
0.707V

An
(17) 

In this equation: V is the applied load (i.e., Vurm or Vrm, in each case), 
and An is the net area of the specimen, provided by Eq. (18), where w and 
h are the width and height of the specimen (610 mm in both cases), t is 
the thickness of the panel (230 mm), and n is the percent of the gross 
area of the unit that is solid (1 in this case). 

An =

(
w + h

2

)

⋅t⋅n (18) 

As can be seen, the theoretical models proposed by both guides, with 
the adaptations suggested in this study, provide a good prediction of the 
experimental results. In case of the reinforced panels tested at room 
temperature, it is shown that the model of the Italian guide provides 
better results, due to the coefficient αt (which is not included in the ACI 
model). Regarding the panels exposed to 600 ◦C, the approximation 
obtained with both formulations is excellent. It can be concluded, 
therefore, that these guides could be successfully applied in case of 
UHPC-strengthened walls, even under high temperatures or fire sce-
narios. Nevertheless, as in the case of the confined columns, it is 
necessary to emphasize again the idea that these results have been ob-
tained from a small number of specimens, and should be further vali-
dated in future research. 

4. Conclusions 

This paper presents the results of an experimental study that analyzes 
the evolution of the mechanical properties of ultra high performance 
concrete (UHPC) at temperatures up to 800 ◦C, and its application for 
the strengthening of masonry members under compressive and in-plane 
shear loads. The main findings and conclusions to be drawn from this 
work are summarized as follows:  

• The UHPC used in this study retained its mechanical properties 
relatively intact at moderate temperatures. From the point of view of 
the objectives of this research, it is crucial the characterization of the 
tensile strength of the material, which suffered a reduction of over 
40% after exposure to 400 ◦C, and almost 60% after 600 ◦C. At this 
temperature, the steel fibers practically disappeared and the me-
chanical capacity of the UHPC was seriously compromised. After 
exposure to 800 ◦C the material was strongly degraded, and the 
specimens could be easily cracked by applying a slight tensile load 
with the hands.  

• To analyze the UHPC-to-masonry bond, two types of samples were 
prepared with flush or raked joints, and were tested under shear 
loads up to 600 ◦C. At room temperature, the results showed that 

Fig. 17. In-plane shear strength in panels: experimental results (EXP) and 
prediction according to ACI 549.6R-20 [52] and CNR-DT 215/2018 [53]. 
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raked joints could increase the shear strength by almost 30%. After 
exposure to 600 ◦C, debonding occurred at the UHPC-masonry 
interface in specimens with flush joints and a significant strength 
decrease was found, while raked joints could prevent this failure 
mode and provide a better response under these conditions. It can be 
concluded, therefore, that substrate preparation by raking out the 
joints is highly recommended for strengthening masonry walls with 
UHPC, both in normal service conditions and under possible fire 
scenarios.  

• The compressive strength of masonry columns confined with UHPC, 
tested at room temperature and after exposure to 600 ◦C, was 
analyzed. The effect of high temperature was found to cause a 
reduction in compressive strength of about 50% in the unreinforced 
columns. Regarding the confined columns, it was observed that 
UHPC jackets approximately doubled the compressive strength and 
provided ductility in the post-peak phase. Contrary to what might be 
expected a priori, the response of confined columns was practically 
identical, both for the specimens tested at room temperature and 
those exposed to 600 ◦C. Consequently, it can be concluded that the 
strengthening of masonry columns with UHPC jackets can be a very 
effective solution, even under high temperatures.  

• The in-plane shear capacity of masonry panels strengthened with 
UHPC layers applied on both sides was also evaluated, both at room 
temperature and after 600 ◦C. The effect of temperature on the un-
reinforced panels produced a strength decrease similar to that 
observed in the columns, over 50%. Regarding the strengthened 
specimens tested at room temperature, the UHPC layers increased 
the shear strength by almost 65%, providing high ductility and 
preventing the brittle failures found in case of unreinforced panels. 
However, in contrast to the columns, a clear loss of efficiency of the 
UHPC was detected after exposure to 600 ◦C. It should be noted that 
the failure mode of the strengthened panels was by cracking along 
the midplane of the masonry core in all cases, with separation of both 
brick leaves. In this sense, it will be interesting to explore in future 
research the possibility of including transverse connectors to prevent 
this effect, in case of multi-wythe walls.  

• Finally, the experimental results are compared with the predictions 
of the theoretical models proposed by the American ACI 549.6R-20 
and the Italian CNR-DT 215/2018 guidelines, defined for TRM. In 
case of the confined columns tested at room temperature, both 
guides provide good accuracy, with differences of less than 10%. 
Regarding the columns exposed to 600 ◦C, however, the theoretical 
models tend to slightly underestimate the results. In case of the 
UHPC-reinforced panels, the predictions provided by both guides are 
excellent, both for the specimens tested at room temperature and 
after 600 ◦C. In general, it can be concluded that the theoretical 
models proposed by these guides, with the adaptations suggested in 
this study, could be successfully used in case of UHPC-strengthened 
masonry members, even under high temperatures or fire scenarios. 
In any case, these results are based on a small number of specimens 
and should be further validated in future research. 
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