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Abstract. The Hennebique system was the most successful among the patented systems in the
pre-code period even though the design rules were not completely clear. Anchorage of the re-
inforcement is one of these unknown aspects and how it was calculated, and if it was
calculated at all, is still today not clear. For this reason, the efficiency of the anchorages is one
of the major issues when dealing with retrofitting a Hennebique structure or when its safety
needs to be evaluated. In this paper a series of tests have been performed on the typical
Hennebique an-chorages for reinforcing bars (fish-tails) and for the plate stirrups (bended
ends) that were used. Different concrete types have been used so that either the collapse
mechanisms of the anchor-ages and their ultimate strength may be identified.

1 INTRODUCTION

Even though Francoislennebiquewnasnot the first to dealwith concreteand reinforcing
bars, no doubhe was one of thosewho mostaffected thdfirst yearsof reinforced concrete
constructions [1-4]. His patent, although unclear in its theoretical basis and in several techno-
logical aspects, in many countries was the most exploited system in the first pioneering period
of r.c. constructions [5-7] that ends approx. with WWI [8]. If the Hennebique system did not
find space in Germany [9], it was used in U.K. due to the cooperation with Mouchel [5] and in
Spain with Rivera [10] while in other countries, such as France [11], Belgium [4] and Italy [11-
14] it remained the leading building system for a couple of decades.

Even though the first codes in Europe were issued before WWI, in 1902 for Switzerland,
in 1907 for Italy and France [15] and in 1915 for Russia [16], it took more than a decade for the
patent system to be substituted by a rational approach to r.c. design. This is mainly true for those
countries in which the patents remained valid till their natural expiration, such as Italy and
Spain. The outcome is that Hennebique structures, or Hennebique-like structures, built till ap-
prox. the ‘20s, remained un-engineered to a large extent.
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Nowadays warehouses, industrial facilities, a large number of bridges and buildings, either
residential and public, built according to the Hennebique system, are in service. For many of
them retrofitting is needed due to several reasons, such as material degradation, re-functioning
and, mainly for strategic buildings such as schools, hospitals and public offices, for their seismic
upgrade.

The intrinsic weaknesses of the early reinforced concrete structures, among which the
Hennebique system plays the major role, is well known and addressed by several authors [4,
17-22]. The two main issues need specific attention: i) concrete compressive strength, affecting
the bending capacity of the beams; ii) shear capacity, which depends on the amount of shear
reinforcement and on the efficiency of its anchorage.

This paper addresses a specific problem: the anchorage performance of either bending and
shear reinforcing bars. Due to the reduced anchorage length, only partially compensated by the
shape of the bar, it will be showed that in most cases the bending and shear capacity is limited
by the sliding of the bars in the anchorage regions. This outcome is crucial when the structural
performance of a Hennebique-type structure has to be estimated.

2 ANCHORAGE OF REINFORCING BARSIN THE HENNEBIQUE SYSTEM
Figures 1 to 3 show the typical reinforcement of a Hennebique beam.

- 50% of the longitudinal reinforcement (cylindrical bars from 10mm to 40mm in diameter)
is bended up at 1/3 of the span, figure 1, [7] and [24], and anchored on the upper side by
means of fish-tail expansions. Such a rule is simply geometric and in the archives there is no
rational reason for such a choice; the upper bars, therefore, are not proportioned to the neg-
ative bending moment.

Figure 1. Longitudinal section of a beam according to the USA‘Hennebique patent [27]

- the anchorage of the main bars consists oftfifilends; hooks were used for secondary bars
only, figure 2. The fish tails were open as muchaget to twice diameter of the bar.
Amongst the large number of load tests to collapse performed by Hennebique and his con-
cessionaries, some showed the collapse of the anchorage of the longitudinal bars, figure 3;
there is no evidence that this outcome of the teither lead to some change in the detailing
of the bars nor raised attention on the bar anchorage.
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Figure2. Fish-tail ends and hooks of reinforcing bé?&c;fﬂ;imo of a villa inside thilla Gruber park, Genoa,
unknown building date, in-between 1900 to 1930.

R -«
Figure 3. Load test to collapse of a T beam performed byPthweheddu company [24] — unpublished photo

Figure 4. Typical shape of a stirrup, 1897 [28]
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- The shear reinforcement consists of steel plates, 2-to-3 mm thick, 20-to-50mm wide, figure
4. The spacing of the stirrups, figure 1, was geometrical with minimum spacing close to the
supports. There’s no explicit origin of such a choice, that is somehow rational, that probably
originates from the load tests that Hennebique in his company and his concessionaries per-
formed up to collapse. The anchorage of the stirrups is obtained by means of a slight bend
of the plate in the compressed part of the hedso in this case the efficiency of such an
anchorage system is to be discussed.

3 THE EXPERIMENTAL PROGRAM

The goals of the research are the identification of the anchorage mechanisms up to collapse,
either for longitudinal bars (bending) and for stirrups (shear), taking into account different
concrete compressive strength and a grading curve that resembles an ancient pre-code concrete.

3.1 Concrete mixtures

An historical concrete differs from modern concretes because of: i) improper mixture (not
following any grading curve); ii) round aggregates; iii) excess in water content; iv) low strength
(in general, mainly for residential buildings. Industrial facilities and bridges usually exhibit
medium-to-high strength concrete).
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Figure5. Granulometric sieve curve of the historical-like concrete used compared with the limit Fuller curves

The concrete mixture used for the concrete of the tests was defined according to a weight
criterion, like the standard building practice in the past: 50kg of round coarse aggregate (max ¢
= 30mm) + 50kg of crashed medium aggregates (@=315mm) + 25kg of crashed fine ag-
gregates (mag = 3mm) + 25kg of sand (max= 0.5mm).

Figure 5 shows the granulometric Fuller sieve curve [31] for the aggregates used and the
grading curve deduced for a Hennebique concrete obtained in [18]; it can be seen that pre-code
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concretes, and the one used in the tests, exhdulirgy curves above the upper Fuller curve,
nowadays used for aggregate proportioning.

Five concrete types were used, table 1, aimingtihg a mix that includes the main defects
of historical concrete, such as high porosity angkese bleeding. The first four types, for which
in figure 11 the maturation curves are represe(eggder EC2 curves [31] and the best-fitting
ones, curing conditions of the specimens as ind3Rwere used for estimating the strength of
the anchorage, whilst the fifth concrete was usedestimating the effect of transversal con-
finement on the anchorage strength.

Table 1. Concrete strength and mixtures for the 5 ancigm-toncrete

Concrete  Cement Cement  Water/Cement Porosity R C.oV. [%]
mix [KN/m®  /batch [kg] ratio [%] c.28days (6 samples)
Mix_1 2.0 18.2 1.0 8.3 8.4 3.2
Mix_2 3.0 27.3 0.8 8.6 14.5 2.2
Mix_3 4.2 38.3 0.6 8.3 25.8 2.8
Mix_4 5.0 45.5 0.5 7.3 29.9 0.5
Mix_5 3.0 27.3 0.8 8.3 20.2 3.0

3.2 Specimens and loading conditions

Two steel specimens have been tested:

- fish-tailed bars, 20mm in diameter, figure 6

- plate stirrups 30 and 50mm wide, 3mm thick, sdaps the standard stirrups of the
Hennebique system, figure 7.

The specimens were casted inside concrete culgese f8; for both the anchorage systems
the four concrete types of table 1 were used ustiaigdard curing conditions ([32] and [33]).

Figure 6: Fish-tailed anchorage of bending reinforcemerdnta residential building in Genodilla Griber
park, GenoaPorcheddu Building Companin-between 1920-t0-1930. main geometric ratios.

The load test was displacement-controlled in otdeyet also the post-peak response of the
anchorage. The load was measured by means of a £1l1A&ad cell (error less then 0.1%) and
the displacement by means of digital transducetis &n error less than 0.01lmm. The loading
rate was 3mm/minute so that the peak load was eelacim the average, after 3 minutes.
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The lateral confinement was provided by means of bolts and stiff distributing steel devices,
figure 8, which applied a lateral average compressive stress 01 and 02 of 0.75 N/mm?.
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Figure 8: Tested specimens casted in the concrete cube.

4 TEST RESULTS

4.1 Test results

Figures 9-to-11 show the load-displacement response of the three different specimens for the
four concrete types tested. Figure 12 shows the average load-displacement curve, i.e. plotting a
curve that is the average out of the 5 diagrams of the previous figure.
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Figure 10 Load-Displacement response_of 30mm wide plateugtr
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Apart from the anchorage force, a difference iarcchetween the collapse of the fish-tail end
and the plate stirrups: in the first case the pead is attained at the end of a substantiallyeine
phase and is followed by a relatively fast decreasgrength. In the case of stirrups, instead,
the post peak response shows a substantially curestahorage force also for large displace-
ments.

We can also outline that the anchorage strengtberriaduces in the bar a stress level close
to yielding. This means that due to anchorage wes&nthe steel elements used in the
Hennebigue System are unable of using their whedean.

4.2 Collapse mechanism of the anchorage

Figure 13 shows the fish-tail anchorage before)(befd after (right) the pull out test. It can
be recognized that the fish-tail end has been &hitam twice the bar diameter to the bar
dimeter for low strength concrete and to 0.75 twedsameter for high strength concrete.

Figure 14 shows the concrete cube after the pultesi of the bar. It is clear that the fish-
tails slide inside the cube producing a rathertkhicrushing zone just around its original po-
sition.

Figures 15 and 16 are related to the case of ptataps. It can be recognized that the col-
lapse mechanism of the stirrup anchorage systemsaldoes not involve concrete being lim-
ited to the rectification of the bended plates.

These mechanisms explain the main features ofiffygains of figure 9: fish-tail anchorage
is shrank inside the concrete but this asks comerete crushing to take place at the beginning
of the pull-out test. For this reason, the anchersigength depends on the concrete strength
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and for this same reason, concrete crushing, the post peak response shows a clearly softening

branch.
For plate stirrups, instead, being the collapse of the anchorage mainly due to the plate recti-

fication, the anchorage strength is little dependant on the concrete strength.
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Figure 13: Fish-tail anchorage a) before and after the putitest for b) low strength and c) high strength-co
crete.
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Figure 14: Track left in the concrete cube by'théﬂ fiSh—taltlaorage. a) sliding of the bar along the steetioete interface; b)
the central track (black arrows) show the sliding ¢he side crushing of the concrete due to thetail®

. > AT S T e
Figure 15: Plate stirrup: deformed stirrup after the pull-test.

12 CONCLUSIONS

- Fish-tail ends. The strength of the anchorage nexeeeds the force needed to close the
fish-tails. The anchorage strength is approximattaky value for medium and high strength
concrete, but drops down to half this value inrditber common case of low strength con-
crete.

- Plate Stirrups. The collapse mechanism is thagdifrcation of the bended ends by sliding
inside the concrete mass. It is not clear, atghiat of the research, which could be a refer-
ence value for the anchorage.

- In both the test series, a biaxial confining strstsgée has been applied (0.75N/fnThis
transversal stress field is the best conditiontties kind of anchorage. In case the lateral
confinement is not biaxial and/or with lower stessthe anchorage efficiency is expected
to be lower. Further research is needed on thigiss

10
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Figure 16: Track left in the concrete cube by the plai sfirit is clear that almost no concrete crushikgsglace around the

stirrup.

Acknowledgements. This research has been developed by means of internal resources only,
which means that no funding was given by any public or private company. The authors
acknowledge the contribution of the technical staft of the Civil Engineering Laboratory of the
University of Genoa, among which S. Russo, G. Cassini, G. Riotto, D. Burlando and G. Tar-
antino.

REFERENCES

[1] Cusack P. Francois Hennebique: The Specialiga@isation and the Success of Ferro-Concrete:
1892-19097Trans. of the Newcomen Sds6:1, 1984, 71-86.

[2] Mc Beth D.G. Francois Hennebique (1842-192&)nforced concrete pionedproc. Inst. Civ.
Engs, 126 May, 1998, 86-95

[3] Delhumeau GL'invention du béton armé : Hennebique 1890-1%drma, Paris, 1999

[4] Hellebois A.Theoretical and experimental studies on early @icéd concrete structures. Contri-
bution to the analysis of the bearing capacityhaf Hennebique systefh.D. Thesis, Ecole Pol-
ytechnique de Bruxelles, 2013.

[5] Cusack PAgents of change: Hennebique, Mouchel, and ferrete in Britain, 1897-1908.0n-
struction History3, 1987, 61-74.

[6] Borden A.H. Identifying early reinforced concreteildings in ScotlandProc. Inst. Civ. Eng.s —
Eng. History and Heritag&63 (3), 2010, 147-167.

[7] Hellebois A and Espion B. Domination of commergatents in the evolution of early reinforced
concrete. Case study of the region of Brussels.Ffbint. Conf. on Str. Anal. of Historic Con-
str.s: Strengthening and Retroffiting, 2010, Gu XS&ng X ed.s. — Adv. Mat.s Res., Shanghai,
China, vol. 133, pp. 119-124.

[8] de Courcy J.W. The emergence of reinforced conct&®0-1910The Str. Eng65 (9), 1987, 315—
322

11



A. Brencich, M. Nebiacolombo

[9] Kierdorf A. Why Hennebique failed in Germanyr&egies and obstacles in the introduction of a
new construction technology, Pro& Bit. Cong. On Constr. History, Cottbus, May 20Bgan-
denburg University of Technology, K.H.Kurrer, LoreW. and Wetsk V. ed.s, NEUNPLUSL1,
Berlin.

[10] Marcos, I., San José, J.T., Cuadrado, J.,4R0he patents in the introduction of reinforced-c
crete in Spain: “Alhdndiga de Bilbao” case study $ipanish)Iinformes de la Construcci¢66
(534), 2014,

[11] Ragot G. The Hennebique Archives: toward a wevpus for contemporary architectural history.
The American Archivisg9 (2), 1996, 214-220.

[12] Nelva R., Signorelli BBeginning and evolution of reinforced concretetadyl: the Hennebique
systen{in Italian), AITEC, Milan, 1990

[13] Sanna A., First applications of reinforced c@te in Sardinia. The “Porcheddu Company Engi-
neering S.A.” and his plan archivéroc. £'Int. Congr. on ConstrHistory, 2003, Huerta S., de
Herrera I.J., Benvenuto E., Dragados F., 1809-1820.

[14] lori T., Reinforced Concrete in Italjn Italian), Edilstampa, Rome, 2001.

[15] Guidi C.,Constructions in Beton Arméi Italian), appendix to Lessons on Structurachbmics,
Bona ed. Turin, 1907.

[16] Souponitski S.Z., Sniatkov S.V., Grigoriev SHarly reinforced concrete construction in Russia:
specific faults and causes of failuEg. Fail. Anal, 8, 2001, 201-212.

[17] Mueller G., Rankin G.I.B. The Hennebique systemReaaissanceRroc. of the Inst. of Civ. Eng.s,
90 (1), 1991, 179-187.

[18] Hellebois A., Launoy A., Pierre C., De LanéMe Espion B. 100-year-old Hennebique concrete,
from composition to performanc€pnstr. & Build. Mat.s44, 2013, 149-160.

[19] Hellebois A., Espion B. Structural weaknessiethe Hennebique early reinforced concrete system
and possible retrofittindgstr. Eng.ng Int.23(4), 2013, 501-511

[20] Hellebois A., Espion B. Tests up to failureaofeinforced concrete Hennebique T-beam, Proc. of
the Inst. of Civ. Eng.s - Structures and Buildintg7 (2), 2014, 81-93.

[21] Foti D. Shear vulnerability of historical réomced-concrete structurelsit. J. of Arch. Her.9(4),
2015, 453-467.

[22] Palmisano F. A preliminary study on shear citgaf historical reinforced concrete beams, Iht.
of Her. Arch.,1 (4), 2017, 608-623.

[23] Christophe P. Reinforced Concrete and itsiappbns (in French), Paris, Beranger ed., 1902

[24] The Porcheddu Document and Photographic Aghivechnical University of Turin, Dept. of
Structural, Geotechnical and Building Eng.ng.

[25] Panetti M., Swiss issues on reinforced comcoemnstructions (in ItalianiCivil Engineering and
Industrial Arts XXVIII (17), Bertolero ed.s, Turin, 1902.

[26] Gotelli R. (1915)Doubling Genova Brignole — Quarto dei Mille withvilgtion to Sturla ltalian
Railways,work area, special office for doubling the line Gea-Spezia, Italian Railways ed.,
1915

[27] Hennebique U.S. patent n. 611907 o4 October 1898.

[28] Porcheddu Archive, Dossier Genova, 1897, n.59®&6,Oriental Market

[29] Porcheddu Archive — Dossier Genova 1896, /871% Giant Palace

[30] W.B. Fuller, S.E. Thompson, The laws of pramoring concrete, Trans. ASCE 59, (1907) 67-143.

[31] EN 1992-1-1:2004/A1:2014 - EuroCode 2 — Desih@oncrete Structures. General rules and rules
for buildings.

[32] ASTM C192/C192M-18 Standard Practice for Makand Curing Concrete Test Specimens in the
Laboratory

[33] EN 12390-2: 2019 Testing hardened concrete. Zaviaking and curing specimens for strength
tests

12



