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Abstract— This work aims to identify publications that
approach UHPC and to perform a comparative study between
different test methods utilized to determination of tensile and
toughness behavior. UHPC is one of the latest developments in
the concrete technology area. It’s a material with compression
strength above of 150 M Pa, ductile behavior and high durability.
From the realization of a systematic literature mapping in
different data bases, it was possible to analyze this resear ch area.
At first moment, the evolution of studies on UHPC in a period
from 2016 and 2020 is analyzed, identifying the countries that
have the largest production of articles and periodicals with more
publications about the topic. The specific analysis corresponds to
the content referring to mechanical properties, with a focus on
ductility, tensile and toughness char acteristics. From the selection
of articles that contained the three key-words concomitant a
compar ative study was accomplish. The comparation was made
between the different test methods used in each article, with it
respective results obtained, and the test methods specified by the
French standard NF P18-470, one of the first normative
standards published for the characterization of the UHPC.
Between the series of standards that were used for the
determination of tensile strength, it was possible to observe that
the 4-points bending test has been the most used. On the function
of the quantity of standards and variation of procedures of used
test, it can be affirmed that it’s necessary to create a nor mative
standard for deter mination of these parameters.

Keywords— Ultra High Performance Concrete (UHPC); tensile
strength; toughness; systematic literature mapping

I.  INTRODUCTION

The civil construction industry has undergone a remarkabl
evolution in recent decades. The market has increased th
demand for increasingly resistant and durables materials t
value sustainability and that are easy to be casted. The UH
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transversal cross-sections [2]. The reduction in the overall
volume of material used makes the cost to be similar or slightly
lower than the cost of a structure built with regular concrete
[1], with the difference that its high durability implies a low
maintance requirement, in other words, longer life project
useful. This characteristic is closely associated with a low
porosity and higher packing density, since there is no eoars
aggregate and the use of ultrafine particles [3]. In addition to
the advantages already mentioned, the production of thin
structures in UHPC provide freedom to architectural design
[4]. The materials most commonly used in the production of
UHPC is cement Portland, silica fume, quartz powder, quartz
sand, fibers, PCE-based superplasticizer (polycarboxylate
ether) and low water-cement ratio [5]. High quality raw
material is one of the biggest limitations to the development of
UHPC, such as silica fume, since its availability is limited and
the price is high. The absence of a Brazilian technical standard
about UHPC is another factor that hinders the application of
this concrete in Brazil. Therefore, in order to provide a broad
view of the UHPC research area, Systematic Literature
Mapping was developed. The aim of this work was to qualify
and analyses the existing literature on the UHPC, from a
systematic mapping, and to carry out a comparative study
between the different test methods for determination of tensile
strength and toughness, comparing them with the test methods
specified by the French standard NF P18-470.

Il. SYSTEMATIC LITERATURE MAPPING

The present research used the method elaborated by [6] as
Eeference to carry out the systematic mapping. The sequence of
teps that were accomplished can be verified through the
jocess flowchart shown in Fig. 1. The search string (“Ultra

h-Performanc&oncrete” OR “UHPC”) was inserted in ten
ata bases that have relevant content related to Civil

(Ultra High-Performance Concrete) has been developed ngineering area: ASCE Library, Compendex on Engineering

satisfy this demand. It’s about a material that has high llage, CAPES Joumal Portal, ProQuest Engineering

mechanical characteristics as compressive strength above t X : ;
150MPa, high ductility, toughness and excellent durability [1%g:%%aeﬁean%ef/‘flggczfcas""é?e’nfg"Elkowascgift‘;g"s?]'gfft{h ;Cgﬂ?ysl

French Association of Civil Engineering (AFGC) affirms : ; . : p
UHPC satisfy a series of sustainable measures gisstiength journal articles would be cons@ered and the period of analysis
) . : . . L . from 2016 to 2020 was determinated.

is associated with saving materials, since it’s possible to reduce
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> Inicio da analise e classificagdo » »  Produgdo gréfica B. SJGCIfIGj analySiS
The percentage of articles corresponding to mechanical

P ; properties (15%) represents studies that contain the keyword
W it j “mechanical properties” in the abstract. Within the 221 articles
v

related to this research area, three concomitant Keywords were

v

Q[ Quanticade e argos } determined: ductility, flexural and toughness, which accounted
o _bal 12 articles (Fig.3).
- L[ Comuiacs ib ates The articles about mechanical properties of the UHPC that
Enfase nas b e had these three keywords defined were analyzed in search of

propriedades
mecanicas

standards that specified the flexural tensile strength and
toughness. The analysis showed that the ASTM C1609

e ity ﬂ Standard Test Method for Flexural Performance of Fiber-
i il Reinforced Concrete (Using Beam with Third-Point Loading)

has been the most used among the researchers.

Fig. 1. Sequence of Sistematic Literacture Mapping processesceSolhe
authors

1.263

A. Bibliometric analysis = : Q\*;f\ 211

From the total number of articles without duplicates (1,263) ~— <« . = Y 12
it was possible to quantify the production per year in the perioc. & == == 3
determined for the search, from 2016 to 2020, which revealed resuttado total Artigos sem Propriedades Ductibility, flexural
that the UHPC research area has grown since then. The  damtes duplicidade mecanicas @ toughness

quantification of articles per country by origin revealed that

Chma_has the Iarggst number of publications on UH,PCFig. 3. Number of results. Font: Adapted from J.Ruiz. (2013)

Following are the United States and Germany. The articles

were also quantified according to the journals in which they

were published. It was noted that ten journals were stood out inlll. COMPARATIVE STUDY BETWEEN THE DIFFERENT TEST
publications on UHPC, as they published approximately half of METHODS USED

the available data. The other half was in charge of another 226 1o French standard for characterization of the UHPC is
journals. Among the ten largest journals with publications ony,e of the oldest, presenting specification recommendations
UHPC, three deserve mention due to the number of publisheg, .o "»>003, undergoing revisions to result in a normative
contents: Construction and Building Materials, Eng'nee”n%}bublication in 2016. Therefore, it is being used as a reference
Materials and Cement and Concrete Composites, all frofy his research. Based on the literature systemic review, 11
Elsevier. articles that investigated the tensile strength and toughness of

In order to provide a broad view of the themes that havlHPC were sepated [16, 17, 18, 19, 20, 21, 22, 23, 24, 25,

been researched about this concrete, the articles found wed€l-

classified into eight researches area, as can be seen in Fig.2.the  French  standard NF  P18-470 presents

The research was carried out using keywords in the abstraClgcommendations for the structural application of UHPC,

The highlighted slice will be detailed in the sequence. defining specifications of its properties, production and control.
Among them, there are two test methods for the determination
of tensile behavior of UHPC: 3-points and 4-points bending

Fibras; 21% strength tests.

Matriais cimenticios Dosagem; 3
suplementares; 12%

The 3-point flexural test consists in utilize prismatic
specimens with dimensions of a x a x 4a with a notch located
on the lower face, with a depth of half the length of the longest
fiber used. Supported on two supports, having a test span of 3
a displacement sensor is fixed in the region of the notch in
order to obtain the crack mouth opening displacement
(CMOD). A load with constant speed is applied on the center
of specimen, in line with the notch. From this test, a load-
CMOD curve is obtained. Through an inverse analysis, it’s
Fig. 2. Classification of articles in research area, with emighas the possible to determine an equivalent curve for the material

portion corresponeding to mechanical properties. SodaBors. under direct tension after cracking [7].

Durabilidade; 13%

Propriedades
mecanicas; 15%

Deformabilidade
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Fig. 5. Load-Vertical displacement standard curve and defmiof areas
Fig. 4. Settings of 3-points (left) and 4-points (righthséde strength tests. under the curve for ASTM C1018. Font: Adapted fronTABSC1018 (1997).
Font: Adapted of NF P18-470 (2016).
With respect to the test calculations, ASTM C78 is a test
The 4-point bending test consists in utilize prismaticperformed for concrete in general (not necessarily fiber
specimens with dimensions a x a x 4a without presenting @inforced) determining only the flexural tensile strength using
notch on the lower face. Supported on two supports, havingtae maximum applied load. Differently of this case, the ASTM
test span of 3a, a displacement sensor is fixed in the center©i018 and ASTM C1609 standards are specific for fiber
specimen by a Yoke. A load applied on the Middle third ofreinforced concrete. Using a displacement sensor, a load-
specimen at a constant speed. From this test a loadertical displacement curve is obtained in the test, where it’s
displacement curve is obtained that allows the determination @fossible to obtain the value of the tensile strength at the
the elasticity limit under tensile and the tensile strength aftemoment of the appearance of the first crack and the toughness
cracking [7]. of the composite by calculating the area under the curve (Fig.

Table | presents for each article related to the test standa?é'
used to the determination of tensile strength and toughness of With respect to toughness, ASTM C1018 determines curve
material. points fa specifics displacements (3, 38, 5,56 e 10,55, where &

The American standards ASTM C1609 ASTM C78 ands the vertical displacement from the start point of the curve to
ASTM C1018 present specifications and test procedures o€ vertical displacement at the moment of the appearance of
determine the behavior of concrete subjected to bending tensffé_first crack) for the calculation of toughness from the
stresses. The test procedure for these standards is quite simifg@inning of the test to the specified displacement point so that
the tensile strength is made by 4-points bending test, where t nggtht‘in (ileterrr]nme the t;}e&dual strgngttr;] factor. Ffor AS—[_M |
test span is 3a (where a is the height of the specimen) as well » (N€ toughness 1S the areéa under the curve for vertica
[7]. However, there are some differences between theghSPlacement ranging from 0 to L/150, where L is equal the

standards regarding the dimensions of specimens and t gth of the test span. In z‘;}ddition o, the AS.TM C1609
calculation of results. standard determines two residual resistance points, located

where the vertical displacement is equal to L/600 and L/150
The ASTM C78 standard doesn’t specify the width value, (Fig. 6).
and may present specimens with rectangular transversal cros<
section, differently of ASTM C1018 and ASTM C1609 which ’7 ’i -
recommend a square transversal cross-section. Despite this,
three standards specify the width being three times the heighu <
value + 50mm, managing to meet the dimensions ratio a x a

4a, the same required by [7] re < —
TABLE . STANDARDS OF TENSILE STRENGTH AND THOUGHNESS é !
3 |
NORMAS MENCIONADAS TITULO DA NORMA © !
Standard Test Method for Flexural Performance of Fiber- i i
Reinforced Concrete (Using Beam with Third-point Loading), ' | !
ASTM G1609/C1609M [8] American Society for Testing and Materials, West o ' T W
Conshohocken, Pennsylvania, 2012. VoV DESLOCAMENTO VERTICAL Liso
ASTM G78 [9 Standard Test Method for Flexural Strength of Concrete (Using 8, b, Lio0e
1l Simple Beam with Third-Point Loading).
Standard Test Method for Flexural Toughness and First-Crack . . . .
ASTM C1018 [10] Strength of Fiber-Reinforced Concrete (Using Beam With Third- Fig. 6. Load-Vertical displacement standard curve for ASTM @LGSource:
Point Loading). Adapted from ASTM C1069 (2012).
UNI11039 [11] Test Method for the Determination of First Cracking Strength and
Ductility Indexes. 2003. (Four-point bending tests) Based on [11], the UNI 11039 standard presents the 4-
EN14651 [12] Test method for metallic fibered concrete - Measuring the points bending test utilizing specimens with dimensions of
flexural tensile strength (limit of proportionality 2005) -
GB/T 31387 [13] National Standard of the People’s Republic of China, Reactive 150x150x600 mm and test Span Of 450 mm, I'eSpE'Ctlng the
Powder Conerete - same standard used by [7]. However, unlike the other standards
-TDF: Test and design methods for steel fibre A . .
RILEMTC 162-TDF [14] reinforced concrete; bending test. Final Recommendation that perform the 4'p0|nt3 bendmg teSty the SpeC|men has a

ISSN 2447-8326. V.1 © 2021 BTSYM



4 BTSym2021, 086, v1: 'Methodologd8ZkBrazilianiheciynotPa¥BINPASIPh and toughness. ..

notch in the center of the lower face, and during the test tt_ r [kn]
crack top opening displacement (CTOD) and the load applie -y
at this instant are measured, getting a load-CTOD curve asf,,
response.

In this case, two areas under the curve are considered: tf; -
first being the are under the curve between the CTOD poini'ss
equal to 0 mm (at the moment of formation of the first crack s«
and 0,6 mm and the second being the area between the poi |
CTOD equal to 0,6 mm and 3,0 mm. tWihese values, it’s 0.05
possible to determine the parameter feq(0-0,6) and feq(0,6-3, M00, CMOD,=0.5  CMOD, =15
(Fig. 7) being respectively the nominal tension for CTOD
between 0 mm and 0,6 mm and nominal tension for CTO[Dig. 8. Load-CMOD standard curve for EN 14651 and RILEM TQ-T®F.
between 0,6 mm and 3,0 mm. These nominal tensions apgurce: RILEM TC 162-TDF (2003)

2;3;'2/ “tr?]ﬁ sptgtsé g;%ctllggn:tt;el?r%}th :t:ttell'IZEd for, respectively, _ Referen_ce [18] studied the mechanical properties Qf UHPC
with steel fiber and steel wool. Among these properties, they
Standards EN 14651 and RILEM TC 162-TDF present vergharacterized its tensile behavior using both the 4-points
similar test procedures, evaluating the tensile behavior in terntsending test to determine the tensile strength based on the
of residual strength through the graphic load-CMOD (Fig. 8procedures present in ASTM C1609 and the 3-point bending
through the 3-points bending test using prismatic specimentggst to determine the fracture toughness of the material through
with a square cross-transversal section of 150mm of side amd the ASTM E399 standard. In both cases, they used prismatic
length varying between 550 mm and 700mm for EN 14651 anspecimens with dimensions of 304 mm x 762 mm x 38,1 mm,
for RILEM TC 162-TDF, 550 mm. not following the standard of dimensions a x a x 4a.

The GB/T 31387 standard specifies test methods for Reference [19] compared the bending behavior
UPHC, which to determine the tensile strength is used the sambaracteristics of beams composed of high-strength concrete
procedure provide in GB/T 50081 with some adaptations, sugiHSC) with and without use of fibers, with compressive
as changing the speed in the load rate and use of prismasitength between 100 MPa and 120 MPa. To determine the
specimens of dimensions 100x100x400 mm. According withensile strength of concrete, ap@nt bending test was
[15], the type of bending test used is 4-point bending test. performed on prismatic specimens (100x100x400 mm) under

he RILEM TC 162-TDF recommendations. With the results

Among of the articles selected for studies, [19] and [22 : ; : :
used the 3-points bending test to characterize the UHPC gbr:g;lgegt’re?]%t'r?verse analysis was performed to estimate the

tensile. The articles [18, 20, 21, 23, 24, 25] used the 4-poin
bending test in their experimental studies. The three remaining Reference [20] analyzed the tensile behavior and toughness
works weren’t considered in this work because they don’t use of UHPC using fibers with two different lengths. For this, the
bending test for the characterization of UHPC. In the work [L6authors performed two procedures of different standards on
they analyze the behavior of UHPC wall panels undeprismatic specimens (40 mm x 40 mm x 160 mm): ASTM
explosion loads. In the case of the authors [17], they catrg 0  C1609 to perform the 4-point bending test and ASTM C1018
literature review of the state of the art of the UHPC, noto determination of toughness through the area under the curve.

performing experimental work. Finally, [26] was not included, . ) .
because in their study it evaluates the behavior on a positive Reference [21] used different types of fiber in UHPC to
ovide an insight into the energy dissipation mechanisms.

tensile moment of a slab reinforced with an overlay of UHPE'
and carbon fiber reinforced polymer. Among the tests performed, ASTM C1609 was used to

determine the flexural tensile strength in specimens with
P dimensions 101,6 mm x 101,6 mm x 457,2 mm.

' ' L+ cmop [mm’

CMOD;=2.5  CMOD,=3.5

Reference [22] compared the tensile behavior of UHPC and
HSC using prismatic specimens (100 mm x 100 mm x 400
mm) with a notch on the lower face. Through a load-CMOD
graph resulting from a 3-point bending test, a inverse analysis
was performed to determine its post-cracking behavior.
o Although not referring to the UHPC material, the toughness of

w-—- reinforced beams was determined through the area under the
load-vertical displacement curve in response to 4-points

bending test.

Pie -

CTOD, CTOD,

Reference [23] performed a 4-points bending test to
determine the flexural tensile strength of UHPC, however, they
CTODy_, don’t bring any additional information about the test. The
UHPC was used later in columns that were subjected to tests

Fig. 7. Load-CTOD standard curve for UNI 11039. Source: Endardino ~ With explosive load.
(2013)

CTOD

U+
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Reference [24] analyzed the effects that high temperatures
cause on mechanical properties of UHPC with polypropylene
fibers. The flexural tensile strength was performed based on th#
ASTM C78 standard (4-points bending) on specimens with
dimensions 40 mm x 40 mm x 160 mm.

[9]

Reference [25] performs a analysis on the mechanical

properties of UHPC. Based on GB/T 31387 standard, usin
specimens with dimensions 100 mm x 100 mm x 400 mm, th

do

flexural tensile strength is determined by the 4-points bending

test.

[VV. CONCLUSION

[11]

In view of the systematic literature mapping and theziz)
comparative study, the following conclusions were made:

The 4-points bending test is the most used test to determine
the tensile behavior of the UHPC, which in all cases is possibles;
to use the same dimension standard a x a x 4a for prismatic

specimens presented by the French standard. In the case of13t

points bending test, only [14] didn’t meet this standard.

Specimens with a x a x 4a dimension ratio (width, heightis)
and length), as well as in NF P18-470, were adopted in most of
cases for the performance of flexural tests, with only [18] that

devi

ated from this standard.

[16]

The necessity of create a normative standard to determine
the tensile behavior of UHPC is remarkable, considering the
number of standards used and the variations in test proceduféd
present in the works presented, especially in determining the
toughness of the material under study.
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