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Abstract 
 
Mostly in the last decade, research works from all over the world have proven the overall exciting advantages 
of ultra high performance concrete (UHPC); from material performance, including sustainability, to astonishing 
aesthetic possibilities.  
Initially, many works concentrated in the study of the actual material properties, and gradually afterwards 
examples of structural-scale testing and real applications were presented. Given the original rheological 
sensitiveness of UHPC mixes, first commercial products were limited to pre-mixed composites, which made 
even more difficult the penetration of such ‘high-thec’ concrete in the construction sector, due to the higher 
material cost for the final structural element. Later, it was found that through innovative chemical admixtures 
and a profound study of the mix design, UHPC mixes could also be achieved with locally available materials. 
Though still in the initial steps, this introduced a breath of fresh air to UHPC technology, rapidly giving place to 
new applications. 
This work presents a study of the mix design optimization of UHPC with materials available on sites/plants 
and the corresponding effects on the mechanical properties (e.g. compressive and flexural performance). Also 
at the material level, durability measures such as BET porosity, freeze-thaw resistance, chloride and water 
penetration, are presented. Finally, feasibility studies for selected structural elements are summarized, and 
two applications of UHPC analyzed. 
Results confirm the cost-effective alternative to produce UHPC with available materials, identifying the most 
important mix design parameters. Furthermore, how production methods can help getting more out of the fiber 
contribution. The measures of porosity, transport properties, and resistance to freeze-thaw cycles allow 
predicting an extremely high durability for UHPC structures. The material presents very interesting economics 
for studied structural components, and has proven exceptional performance specifically on earth retaining 
structures and roof elements. 
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1. Introduction 
 
Different technologies developed along the last 20 years (macro-defect free, MDF, or slurry infiltrated concrete, 
SIFCON, reactive powder concrete, RPC) have sat the bases for the ‘new’ definition of UHPC  [R.Khurana et 
al., 2008], including all concretes with a minimum compressive strength of 150 MPa. In order to improve the 
ductility of this material, short steel fibers are introduced in the matrix, which additionally introduce certainly 
considerable tensile strengths. In order to obtain these extraordinary performances the mix design has to be 
developed reducing at the minimum the voids in the matrix: this is possible combining the cement with other 
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binders like silica fume, slag, metacaolin or a combination of those. The very low water-binder ratio (less than 
0.25) ensures a very high performance and in the end an extraordinary durability to the structures. The 
outstanding mechanical properties allow structural designers to consider more slender yet aesthetic and 
sustainable structures than those possible with traditional concrete, reducing the amount of raw materials and 
the consumption of energy (P.Racky, 2004). 
At the same time, today UHPC is often related to fine and expensive pre-mixed products present in the market. 
On one hand, this can be positively related to the will of using new technologies in the construction sector. On 
the other hand, the usually very high material cost frustrates the large-scale penetration of this product. 
Along these lines, new and innovative developments in the field of chemical admixtures have proven that 
ultra-high performance mixes can be obtained with the right selection and optimization of locally available 
materials [Corradi et al., 2008, Khurana et al., 2008, di Prisco et al., 2008]. Evidently, such approach could 
lead to a much broader use of this promising material.  
Concrete durability is one of the most important aspects of the buildings’ service life. Sometimes, the material 
and the structure are not correctly designed for the physical and chemical environmental aggressions, other 
times, even when the designers and the concrete producers follow best practices according to national or 
international regulations, the durability is compromised by an erroneous execution on site. Interestingly, the 
human influence on durability can be reduced using new technologies and more performing concretes, like 
UHPC (which is also self-compacting, which avoids durability issues related to an incorrect accomplishment of 
these activities).  
This work presents a study of the mix design optimization of UHPC with materials available on sites/plants 
and the corresponding effects on the mechanical properties (e.g. compressive and flexural performance). Also 
at the material level, durability measures such as BET porosity, freeze-thaw resistance, chloride and water 
penetration, are presented. Finally, feasibility studies for selected structural elements are summarized, and 
two applications of UHPC analyzed. 
 
2. Experimental program 
 
The test program involves 2 series of UHPC mixes focusing the study of the parameters influencing the mix 
design (Series 1), and the evaluation of durability of plain and fiber-reinforced concretes (Series 2).  
 
2.1. Series 1- Mix design optimization 
 
In this study, the optimization of the mix design involved the evaluation of the influence of same-type of 
cements (CEM 52.5 I) from 3 different manufacturers, 3 types of ground granulated blastfurnace slags 
(GGBS), mixed with silica fume (SF) in one case, and 5 steel fiber contents, on the mechanical properties of 
UHPCs along time (24 hours, 7 and 28 days), i.e. compressive and flexural performance, measured on 
40x40 mm cubes and 40x40x160 mm prisms under three-point bending, respectively. 
The two high range water reducing admixtures used (HRWRA A and B) are based on polycarboxilate 
chemistry and have equal content of the active component. The high strength steel fiber dimensions were 
straight, with a length of 13 mm and a diameter of 0.16 mm.  
The mix proportions of the 12 concretes involved in Series 1, can be observed from Table 1; UHPC 1 to 12. 
 
2.2. Series 2- Durability 
 
The evaluation of the material durability included the comparison between plain and fiber-reinforced UHPC 
mixes, and 60-MPa compressive strength mortar (MC60) and concrete (C60) having similar sand/cement ratio. 
Durability measures on C60 and fiber reinforced UHPC included chloride ion penetration (ASTM C1202), 
penetration of water under pressure (EN 12390-8), and freeze-thaw resistance (CEN TS 12390-9). These 
durability measures are related to the material porosity by comparing the above Standard tests with BET 
porosity measures on MC60 and unreinforced UHPC. 
 
In the BET porosity determination (Tristar 3000 equipment from Micromeritics), nitrogen adsorption was used 
to characterize the microstructure of 120 mm3 samples of MC60 (similar mortar composition than C60) and 
UHPC 13 (without fibers). The surface area was calculated using the BET method of analysis on the 
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adsorption isotherm. The pore size distribution was calculated by the BJH method using data from the 
desorption isotherm. Before the gas adsorption experiment was carried out, the specimens were oven-dried at 
50ºC and then outgassed with Helium at 105ºC during 240 min, to clean the surface. Thereafter, specimens 
were cooled at cryogenic temperature and an adsorbing gas (Nitrogen) was admitted. The accumulated 
quantity of gas adsorbed vs. gas pressure data at one temperature was then graphed to generate the 
adsorption isotherm. 
For the chloride ion penetration test, a 50 mm thick and 100 cm diameter slice of concrete was cut from a 
100x200 mm cylinder and sealed between two cells filled with a Na(OH)2 solution and 3% of NaCl solution. 
After 6 hours of exposure to a 60V potential difference, the numbers of charges have been measured and this 
value indicates the chloride ion penetrability. 
In the case of the penetration of water under pressure test, the profile of water penetrating a 150 mm concrete 
cube after 3 days under a pressure of 5 atm, has been measured. The maximum and average water 
penetration is obtained after opening the cube specimen by splitting-tension. 
The freeze-thaw resistance in presence of NaCl (3% solution) was evaluated by calculating (weight difference)  
the amount of concrete scaled from the surface of the specimens after 7, 14, 28, 42 and 56 cycles where the 
temperature ranges between -20°C and 20°C. 
 
The binders used to produce the reference concrete and mortar and the UHPC were a common CEM I 52.5 R 
and a Ground Granulated Blastfurnace Slag (GGBS): the chemical compositions (oxides) are reported in the 
table 2. Crushed siliceous aggregates were 0-4 mm sand, 8-12 and 12-19 mm gravels. In order to have the 
minimum voids content and due to the dimensions and high volume of steel fibres in the UHPC mix, the 
maximum diameter of aggregates is limited to the 0-4 mm sand, that creates the skeleton in the hardened 
matrix. The aggregate particle size distributions are represented in the figure 1. The superplasticizer was a 
polycarboxilate type HRWRA, product A.  
 
The proportions and fresh state properties (slump for C60 and slump-flow for UHPC) of the 4 mixes included 
in the durability test series, can be observed from Table 1. Evidently, the different matrix composition between 
UHPC and C60 explains the gap of engineering properties measured at 28 days of curing, summarized in the 
same table. 
 

0,
06

3

0,
12

5

0,
25

0

0,
50

0 1 2 4 8

12
,5 16 20 25

31
,5 63 12
5

0

10

20

30

40

50

60

70

80

90

100

SIEVES SERIES UNI EN 933-2 (mm)

(%
) C

U
M

U
L

A
T

IV
E

 P
A

SS
IN

G

Sand 0/4

Coarse Agg. 8/12

Coarse Agg. 12/19

 
Figure 1. Sieve distribution of aggregates 
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Table 1. Mix proportions 
 

 

(1) For evaluating the flow properties of these mixes, the standard slump flow cone was not suitable as the flow was un-measurable (too high; slump flow>900mm) that made it difficult to 
appreciate the small variations in the rheological behaviour of the matrix. A small cone was develop having a height of 120 mm, bottom diameter of 140mm and the top diameter of 100 mm. 
Tests were carried out to make a correlation with normal SCC. It showed that the slump flow with this smaller cone should be > 450mm. 
(2) Slump 
(3) % by weight of cement 

 

                 

 UHPC 
1 

UHPC 
2 

UHPC 
3 

UHPC 
4 

UHPC 
5 

UHPC 
6 

UHPC 
7 

UHPC 
8 

UHPC 
9 

UHPC 
10 

UHPC 
11 

UHPC 
12 MC60 C60 UHPC 

13 
UHPC 

14 
CEM I 52.5 R  - A 600                
CEM I 52.5 R  - B  600  600 600 600 600 600 600 600 600 600 600 400 600 600 
CEM I 52.5 R  - C   600              
GGBS A 500 500 500 600    500 500 500 500 500     
GGBS B     600  600        600 600 
GGBS C      600           
Silica fume 100 100 100     100 100 100 100 100     
Water 195 195 195 195 195 195 195 195 195 195 195 195 255 170 195 195 
Crushed siliceous sand A 0-2 mm 990 990 990 974 974 974 974 990 990 990 990 990     
Crushed siliceous sand B 0-4 mm             1350 913 895 895 
Crushed siliceous gravel 8-12 mm              365   
Crushed siliceous gravel 12-19 mm              548   
HRWRA A  (%b.w.c) 33 32 33 32 31 32  32 32 32 32 32 1.1 (3) 1.0 (3) 6.0 (3) 6.0 (3) 
HRWRA B       25          
Steel Fiber 120 120 120 120 120 120 120 70 100 130 170 200    100 
Slump-flow (1) (mm) 490 510 500 510 520 510 500      500 230 (2) 800  
Compressive strength at 1d   (MPa) 60 77 80 27 49 52 42 51 54 55 51 58     
Compressive strength at 7d   (MPa) 120 120,5 121 119 120 119 123 117 121 121 133 113     
Compressive strength at 28d (MPa) 170 149 142 123 151 149 151 154 155 156 153 153  66  157 
Flexural strength at 1d           (MPa) 23,1 23,2 25,1 9,5 19,2 21,1 17,3 16.1 18.9 20.2 23.6 30.5     
Flexural strength at 7d           (MPa) 33,1 31,2 37,4 40,2 33,3 39,6 33,9 26.1 28.8 34.3 46.8 45.0     
Flexural strength at 28d         (MPa) 43,1 38,9 35,9 43,1 42,1 45,8 41,8 28.1 33.1 46.5 59.3 52.0  5.6  34.1 
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Table 2. Chemical Composition of cement and GGBS 
 

 CEM I 52.5 R GGBS 
Loss on ignition 3.06 % -- 
SiO2 20.10 % 39.3 % 
CaO 62.76 % 36.0 % 
MgO 01.30 % 9.50 % 
Fe2O3 02.87 % 0.20 % 
Al2O3 04.90 % 12.5 % 
Na2O 00.41 % 0.40 % 
K2O 00.89 % 0.40 % 
SO3 03.40 % -- 

 
 
3. Study of feasibility of an only-UHPC structure 
 
In order to investigate the feasibility and the durability features of special structures made with UHPFRC and 
subjected to critical environmental conditions, two application examples are here described: a retaining 
structures and a secondary roof elements for industrial building. 
The former structure is a new prefabricated retaining structure designed to take advantage of High 
Performance Fiber Reinforced Concrete in order to develop a faster and more effective procedure of 
intervention (di Prisco et al., 2010). The structure geometry was designed to reduce as much as possible the 
own weight in order to allow the helicopter transport (maximum weight < 8-10 kN), but at the same time the 
high performances of the material guarantee huge surface hardness and local toughness and a high 
resistance to local pressures, whose distribution on the structure are difficult to predict due to the roughness 
and the heterogeneity of the slope. A plate (0.24 x 0.8 x 0.8 m), reinforced by means of four steel B450C bars 
aligned in the two directions and located in the intrados face, is anchored to the slope by a prestressed cable 
(7 strands 0.6” each made of 7 wires; diameter 15.2 mm,; Ap = 973 mm2; fptk = 1860 MPa), 14.5 m long (Fig. 1) 
passing in a central hole suitably designed to accommodate the cable slope-face end. The bar ends are 
welded to threaded bushes able to guarantee a direct anchorage to the concrete at the extremities and 
allowing the reinforcement to be active in the whole bar length. Steel fiber reinforcement was used, without 
the introduction of any further conventional reinforcement. Three more plate elements were cast in order to 
carry out experimental tests in the laboratory with well known boundary conditions. The paper briefly 
describes the material characterization and the handling phases of ten plates placed in an environmental 
laboratory of the Politecnico di Milano located in Caslino d’Erba close to Como (di Prisco et al. 2010; Figs. 
2,3). A careful monitoring of two plates is in progress to detect the structural behavior along a time period of at 
least five years. 
 

 
 
Figure 2. Anchor plate location on slope. 

 
Figure 3. Placing of anchor plates on slope. 
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The latter structure is a Precast concrete thin plate used for roofing. These kind of structures are often 
disadvantaged by an average dead weight close to 2 kN/m2, that can be regarded as quite large if compared 
to the snow load (close to 1.5 kN/m2). A reasonable compromise in terms of costs and weight can be 
searched by adopting ultra High performance materials which are more expensive, but can be much more 
lighter. Thin plates can be used as tertiary elements in roof floors (Fig. 4) beside the border beams and the 
simply supported prestressed prefabricated roof elements. The high performances of the 2m wide elements 
are mainly used for bending along the 2.5m span and in order to drastically simplify the detailing of the 
support regions. The idea (Fig. 5a) is that of coupling textile and UHPFRC technology, by means of a 
polystyrene layer. The behavior of the composite plate has to be characterized by two different plateaus, the 
first active at ultimate limit state and the second when exposed to fire, corresponding to the bending bearing 
capacity of the UHPFRC plates alone, without TRC contribution. 
 

  
Figure 4. Sketch of the prefabricated roofing adopted 
as a reference. 

Figure 5. (a) Geometrical description of the 
multilayer thin plate for roofing and (b) performance 
target for the roof element. 

 
A wide experimental investigation is in progress to mechanically characterize the materials in uniaxial tension 
and in compression to identify all the data available for design like toughness, bending resistance, fire 
resistance and durability. In the research, the check of the ductility and the identification of the mechanical 
characteristics in tension is made by means of bending tests carried out on unnotched specimens according 
to Italian Recommendations CNR DT-204 and of a new test (Double Edge Wedge Splitting test) recently 
proposed, while third point bending test as suggested in EN14651 is used to classify the material production. 
Only preliminary results on bending tests of UHPFRC plates are here presented. 
 
4. Results 
 
4.1. Results of Series 1- Mix design 
 
The evolution of the compressive and flexural strengths up to 28 days for UHPCs elaborated with CEM I 52.5 
from 3 different manufacturers, can be observed from Table 1. As it can be seen, even for the same cement 
type, significant differences of compressive strength can take place at 24 hours and 28 days, where cement A 
achieves an approx. 20% higher compressive strength value than cements B and C. 
Similar performance differences can also be observed in the case of flexural strength, with cement A showing 
the lowest strength gain up to 24 hours but best results at 28 days, approx. 20% above cement B. Moreover, 
and unlike compressive strength, the 3 cements show different flexural strengths also at 7 days. 
Observed differences of mechanical response could probably be due to Standard tolerances in terms of 
cement fineness and composition, that in UHPC could play a major role. 

P (kN) 
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In the same way, Table 1 also shows the influence of the type of GGBS on the compressive and flexural 
strengths. Again, it can be seen observed that different source of GGBS give place to significantly different 
compressive strength values, i.e. slag A shows a lower performance than slags B and C. Interestingly, the mix 
of slag A with SF increases its performance to the level of slags B and C. No clear trends are observed in the 
case of flexural strength, where lower differences between the 4 cases are observed. 
As expected, an increase of steel fiber dosages redounds in a higher flexural strength at all ages, up to a 
certain content. It is very interesting to see how there seems to be a saturation point at approx. 170 kg/m3, 
beyond which a 30-kg/m3 increase of fiber dosage does not enhance the maximum flexural strength.  
 
4.2. Results of Series 2- Durability 
 
The surface area obtained by BET porosity measures on 120 mm3 samples was 4.9874 ± 0.2781 m2/g and 
5.4116 ±0.3669 m2/g for MC60 and UHPC, respectively. Results show a higher surface area of the UHPC in 
comparison to MC60 confirming previous observations [Klobes et al., 2008]. As also reported Klobes, and as 
it can be seen in Figure 6a, the total pore volume is lower in the case of UHPC when compared to MC60, 
confirming the denser microstructure in the case of UHPC. On the other hand, considering the definitions 
given in [Mindess et al., 2002], where pores with diameter < 10 nm are gel pores and pores with radius in the 
range between 10 nm to 10 μm are capillary pores, it can be seen in Figure 6b that in the case of UHPC the 
area due to capillary pores is lower, while the area due to the smallest gel pores is higher than in MC60. This 
higher proportion of gel pores seems to be associated to the formation of C-S-H phase [Garci-Juenger and 
Jennings, 2001], leading to an overall increase in the surface area measured. 
From the BET porosity test results, UHPC shows a denser matrix. Hence, a significantly more durable 
material can be expected. 
 
Table 3 summarizes the test results from chloride ion penetration, penetration of water under pressure, and 
freeze-thaw resistance for C60 and fiber-reinforced UHPC. As it can be observed, after 6 hours the numbers 
of charges detected in the UHPC evaluation are extremely lower than the C60 case. Note that C60 already 
presents a low chloride ion penetrability. 
A similar behavior is observed in the case of the penetration of water under pressure test, Table 3. In the case 
of UHPC, the insignificant water penetration profile made impossible to perform the test measures 
(undetectable). 
The freeze-thaw resistance of C60 and UHPC concretes can be observed from Figure 7. As it can be 
observed, the concrete scaled from the C60 specimens significantly increases with the number of cycles, 
probably also accentuated by the fact of not having sufficient air incorporated to contrast the expansion of ice. 
At the same time, the figure clearly evidences the extraordinary freeze-thaw resistance of UHPC. 
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Figure 6. Total pore volume (a) and pore size distribution (b) for MC60 and unreinforced UHPC 
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Figure 7. Freeze-Thaw Scaling results 

 
Table 3. Chloride Ion Penetration and Penetration on Water Under Pressure test results 

 
 UHPC C60 

N° of Charges (Coulomb) 12 436 

Chloride Ion Penetrability Negligible Very Low 

Maximum Penetration of Water (mm) Undetectable 18 

Average Penetration of Water (mm) Undetectable 12 
 

4.3.  Results of feasibility study of an only-UHPC structure 
 
The design of the retaining structure is mainly oriented to emphasize the behavior at the serviceability limit 
state, because the prestressed anchors were chosen as critical ring in the construction design. In the 
EuroCode 7 framework, the retaining structure designed belongs to the third category, because it can be 
regarded as a new structure due to its conceptual design as well as to the material used. The active 
confinement action applied to the ground slope by means of prestressed anchor strands, allows us to consider 
the limit state analysis in the case C, that means to regard the slope instability associated to total or partial 
collapse of the tendons as the critical limit state. The safety check was performed by means of predictive 
calculations and by adopting the observational method. The research here described is aimed at investigating 
the structural behavior of the reinforced UHPC plate during placing. It is conceived to react to a prestressing 
action of about 1150 kN originating by the stretching of the cable made of seven wire strands. The plate 
design follows the overestimation rule which is forced by the impossibility to predict the real boundary 
conditions due to the roughness of the morenic slope face and the need to prevent any local cracking due to 
concentrated loads. About the computation of the ultimate limit state, limit analysis was used associated to a 
kinematic mechanism of 2 yield lines aligned to the symmetric axes of the plate and justified by the unilateral 
constraint of the ground reaction with the consequent rotation around the diagonal of each forth square of the 
plate. The specific bending moment was computed adding the contribution of each steel bar smeared along 
the half of each yield line to the contribution of the residual tensile strength associated to a crack opening of 2 
mm, which corresponds to a steel strain of 1% when the distance of the bar axis from the top fiber (equal to 
200 mm) is considered as characteristic length. The two instrumented plates were equipped by means of 6 
suitable vibrating wire sensors able to measure the strains on a 200 mm gauge length: four sensors were 
located at 30 mm from the intrados (one for each side; Fig8b) and two were located at 30 mm from the 
extrados to measure the compressive strains associated to the bending along the direction at right angle with 
respect to the yield line trace assumed. The values recorded (Figs. 8a) highlight as the maximum relative 
displacement can justify cracking, even if the crack opening remains always admissible according to 
serviceability limit states. It is also evident how large can be the scattering between the measures performed 
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Figure 8. Retaining structure: (a) bottom plate placing: load vs deformation; (b) displacement trasducer 
location; (c) anchor plate during loading phase. Bending of HPFRC thin plate: (d) plate set-up; (e) bending 
moment vs. curvature; (f) deformed shape at collapse.   
 
on the four sides of the plate, thus justifying the rather complex and unpredictable set of boundary conditions 
to take into account at the design level (Fig.8c). The durability of the innovative solution, about three years 
later since the placing on site of the ten plates, has been checked on site, because no problem was observed. 
With reference to UHPC roof plates, on the basis of the constitutive law in uniaxial tension identified according 
to Italian Guidelines CNR DT-204, starting from the strengths measured in the notched 4 point bending tests, 
the average generalized constitutive relationship bending moment vs. curvature was predicted (Fig.8e). It is 
interesting to notice how this prevision is strongly on the safe side with respect to bearing capacity, but it fits 
quite well the real ductility which is expressed by CE gauge measures (Fig.8d) which can be regarded as 
average values on a gauge length equal to 95 cm. 

(a) (b) 

(c) (d) 

(e) (f) 
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The characteristic structural length lcs assumed in the computation was equal to the plate thickness (t = 26 
mm) and therefore the ultimate crack opening wu defined in the Italian guidelines is equal to 0.02 lcs = 0.52 
mm. For such threshold, the bending behavior of the plate is hardening. and this means that a multi-cracking 
occurs after this threshold, characterized by very small crack-openings (w < 30 μm; Fig.8f). It is also important 
to observe how, even the average behavior is well reproduced, the curvature is not homogeneous in the 
gauge length as proved by curvatures measured in gauges C,D,E (Fig.8e). 
 
5. Conclusions 
 
The results of the study confirm the attractive possibility of producing UHPC with available materials (user-
friendly UHPC), identifying important mix design parameters that can significantly affect its mechanical 
performance. Specifically, the same cement type (CEM I 52.5 R) from 3 different suppliers, can give place to 
significant compressive and flexural strength differences. The same is observed when using different slags; 
from the 3 GGBS evaluated, one of these materials showed a notable lower performance. However, the 
behavior was seen to be improved by the addition of silica fume. 
As expected, an increase of steel fiber dosages redounds in a higher flexural strength of UHPC at all ages. 
However, such increase takes place up to a certain fiber content. Interestingly, for the fibers and UHPC mix 
design considered in this study, there seems to be a saturation point at a fiber dosage of approx. 170 kg/m3, 
beyond which a 30-kg/m3 increase does not increase the maximum flexural strength. 
The BET results confirm the lowest porosity of this material where the capillary pores are reduced than the 
traditional concrete for the precast market and this denser matrix allows to reduce or to eliminate the chloride 
ion penetration and the water penetration under pressure and at the same time to increase the freeze-thaw 
resistance in presence of defrosting salts. Hence, a significantly more durable material can be expected. 
The structure examples here proposed, highlight the powerful tools of UHPC material which allows the 
designer to use very thin, durable and light solutions for different employments. The innovative technology, if 
well used, can be also very efficient in terms of costs: in the two examples proposed the overall economic 
comparison with traditional adopted solutions guarantees a cost saving of respectively about 60%  and 20%. 
The material presents very interesting economics for studied structural components, and has proven 
exceptional performance specifically on earth retaining structures and roof elements. 
The UHPC is a material that could satisfy the all dreams of the designers: huge mechanical properties, 
slender structures and very high durability in many conditions. 
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