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Highlights

Dapped-end beams present spalling issues on top of hanger reinforcement.
Twenty-eight tests on fifteen different reinforcement configurations are presented.
Strut-and-tie models deduced from the experimental results are presented.

A simplified strut-and-tie model for dapped-end beams is proposed.

The model is verified with experimental data including data from the literature.



Abstract

Dapped-end beams are frequent precast concrete elements. Spalling on the top of the hanger
reinforcement has been observed to be often their governing failure mode. This failure hinders
the geometric definition of strut-and-tie models for design or assessment purposes. In this work,
a simplified procedure for defining the geometry of strut-and-tie models considering spalling
failures is proposed. The model is based on the results of a specific experimental programme
consisting on twenty-eight tests on fifteen different reinforcement configurations with and
without inclined reinforcement. The experimental results show that elements with high amounts
of reinforcement and hanger reinforcement concentrated in one layer are more prone to spalling
failures, and suggest that the geometry of strut-and-tie models is strongly influenced by the
behaviour of the nodal region on top of the hanger reinforcement. The model is verified for tests
with and without spalling failures, including elements from the literature, showing sound

agreement between the modelling results and experimental observations.
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Notation

Greek letters

bp angle of diagonal dapped-end reinforcement

Esi strain of reinforcement “si”, where si={sD; sH; sV1; sV2 or sV3}

) displacement in the centre of the beam

Opeak displacement in the centre of the beam at peak load

Ae dimensionless coefficient of the proposed model relating the concrete capacity and the element’s
horizontal capacity

Ad dimensionless coefficient of the proposed model relating the diagonal reinforcement’s capacity and the
element’s horizontal capacity

Lowercase Latin letters

as horizontal separation of the beam shear tie to the strut-and-tie node over the support

ap horizontal separation of the diagonal dapped-end tie to the strut-and-tie node over the support

ay horizontal separation of the vertical dapped-end tie to the strut-and-tie node over the support

b dapped-end beam width

d effective depth in the nib (distance from the centroid of the horizontal dapped-end reinforcement to the

outermost compressed fibre)

fe concrete cylinder compressive strength

5 reinforcement yield strength

Ju reinforcement ultimate strength

ke concrete strength reduction factor (due to the transversal strain state and increasing brittleness with
strength)

sD diagonal dapped-end reinforcement

sF1 bottom layer of beam flexural reinforcement

sF2 second layer of beam flexural reinforcement

sH horizontal dapped-end reinforcement
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sT beam shear reinforcement

sV vertical dapped-end reinforcement, also referred to as hanger reinforcement

sVl first stirrup of the vertical dapped-end reinforcement

sV2 second stirrup of the vertical dapped-end reinforcement

sV3 third stirrup of the vertical dapped-end reinforcement

X distance between the strut-and-tie node on top of the hanger reinforcement and the outermost compressed
fibre

z distance between the strut-and-tie node on top of the hanger reinforcement and the centroid of the

horizontal dapped-end reinforcement

Uppercase Latin letters

Agi total cross-sectional area of reinforcement “si”, where si={ sD; sF1,; sF2; sH; sT or sV}
H horizontal force at the dapped-end

L horizontal segment length of the diagonal dapped-end reinforcement

Ly horizontal dapped-end reinforcement length

0 applied load

Vv shear force at the dapped-end

vy shear force at the dapped-end for the first reinforcement yielding

Va shear strength of the dapped-end

Viavg  shear strength of the dapped-end (average between replicated tests)

1. Introduction

Dapped-end beams (DEB), also known as Gerber joints or half joints, are frequently used at supports in reinforced
and prestressed concrete structures, particularly in precast concrete manufacturing. Their shape facilitates the
connection of precast structural elements, enables expansion joints to be built and lowers the height of floors (see
an example of application and typical geometry in Fig. 1(a)). Despite standard concrete details and extensive past
experimental research [1-10], major durability issues, and even collapses, have been observed in DEB structures
[11,12]. This explains the numerous studies performed lately on DEB [13-24], which focus mainly on
strengthening measures, durability and the impact of deficient detailing. A detailed overview of the dimensions
and characteristics of experimental tests on reinforced concrete DEB reported in the literature can be found
elsewhere [12,22].

While some guidelines [25] propose specific empirical and semi-empirical design rules, DEB are typically

designed by either the strut-and-tie method [26] or the stress fields method [27-30]. These mechanical approaches
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allow the dproper detailing of structural elements based on flow of forces (Fig. 1(a)), which makes them most
suitable for regions with some source of discontinuity (static and/or geometric), such as DEB. Since both methods
are grounded on the lower bound theorem of limit analysis, they are safe if enough deformation capacity is
provided to simultaneously develop the plastic capacity of different strength mechanisms. Nevertheless, the
accuracy of these methods strongly depends on the appropriate verification and location of concrete regions (nodal
regions and struts), which is a major limitation when applied to DEB because of the complexity of the nodal region
located on top of their hanger reinforcement (main vertical ties).

The nodal region on top of the hanger reinforcement in DEB is a restrictive case of compression-compression-
tension (CCT). While the anchorage of the reinforcement in standard CCT nodes over supports is typically
produced totally or partially outside the nodal region, the hanger reinforcement in DEB does not even cross the
node entirely (Fig. 1(b)). A similar situation occurs in other structural elements, such as frame corners with opening
moments [31]. So unless the concrete cover of these elements is neglected, the deviation of the compression flow
of forces implies tensile stresses in the unreinforced cover, which may cause spalling failures (see Fig. 1(b)). While
the distribution of reinforcement on several layers spreads these deviation forces by reducing, or even avoiding,
spalling [31], the cover spalling phenomenon has often been observed [4,5] to be the governing failure mode of
DEB with a concentrated hanger reinforcement. Cover spalling has been extensively studied for columns,
especially for high- and ultra-high strength and steel fibre-reinforced concrete columns [32,33], but it is not easy
to extrapolate the proposed models to DEB and they are unsuitable for design purposes. Therefore, DEB designers
are unable to assess cover spalling, which hinders the geometric definition of strut-and-tie models because spalling
significantly modifies the position of the horizontal upper strut and, therefore, the whole geometry of the strut-
and-tie model to be considered in the region.

Verifying DEB with a concentrated hanger reinforcement may lead to non-conservative results when considering
the strength of the CCT nodes included in standards, unless the contribution of the concrete cover is neglected, as
previously recommended [4,5]. This simplification provides conservative results, especially as to whether the failure load
is not limited by cover spalling and may be unsuitable to assess existing structures. Consequently, designers may find a
few uncertainties when applying strut-and-tie models for DEB with a concentrated hanger reinforcement, namely:
(1) the location of nodes when considering the cover spalling phenomenon; (ii) the influence of the location of
stirrups in the vicinity of the corner and the stirrups on the beam; (iii) the reduction factor that accounts for the
presence of transversal strains and concrete brittleness in the vicinity of the CCT node on top of the hanger

reinforcement.
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Therefore, this paper mainly aims to study the failure mode of dapped-end beams with different amounts and
distributions of reinforcement by carrying out an experimental campaign of 28 tests, and by paying special
attention to the spalling of the concrete cover. The campaign was designed to assess the influence of the following
variables on the strength of DEB: amount of reinforcement, layout of vertical reinforcement, distribution of
horizontal and vertical reinforcements, and presence of diagonal reinforcement.

As a result of this study, a simplified procedure to define the geometry of strut-and-tie models is provided, which
accurately predicts the strength of 39 DEB tests taken from the literature and the new test presented herein. The
new proposed approach allows designers to define the geometry of STM according to the orthogonal and diagonal
reinforcements for elements with and without the spalling of the concrete cover on top of the hanger reinforcement
for either verification or design purposes.

2. Test campaign

A description of 28 dapped-end tests, which belong to 15 beam specimens, is offered in the following sections.
Further details of the complete experimental campaign can be found in [12].

2.1. Test specimens

Fig. 2 shows the geometry of the elements. The beam span was 3000 mm long, with a rectangular 250x600 mm
cross-section, reduced to 250x300 mm on the nib. All 15 beam specimens were laid out with the same
reinforcement on both dapped-ends. Each end was tested separately and, therefore, the test was replicated for all
15 analysed configurations.

Fig. 3 shows the nomenclature for each reinforcement. The dapped-end reinforcement variables comprised
diagonal bars (sD), horizontal bars (sH) and vertical stirrups (s¥), arranged on one (s¥1) or three layers (sV1, sV2
and sV3). Beam reinforcement was composed of both flexural reinforcement (sF1 and sF2) and shear
reinforcement (s7). The ends of the horizontal bars (sH) and the flexural beam reinforcement (sF'1) were welded
to steel plates of 250x100x10 mm?® to ensure perfect anchorage conditions. The length of the horizontal bars was
laid out for each amount of reinforcement so that anchorage would not limit the capacity of the support (850 mm,
1,000 mm and 1,250 mm, respectively, for the three different amounts presented below).

Table 1 contains the main properties of the specimens. Specimens DEB-1.1 to DEB-1.9 did not include diagonal
reinforcement and were designed to study three layouts for orthogonal reinforcement with different ratio values of
the horizontal reinforcement amount related to the hanger reinforcement amount (A4,:/4,r). Layout O.1 (specimens
DEB-1.1, DEB-1.4, DEB-1.6 and DEB-1.8) is the reference configuration, which was designed by means of a
strut-and-tie model [12] according to EN 1992-1-1 [34] and neglecting the contribution of the concrete cover as

proposed by Cook and Mitchel [4,5]. This model leads to an inclination of the strut from the support of 34° and
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consequently to a ratio Ag/As=1.5. Layouts 0.2 and O.3 analyse the effect of deficient detailing by under-
reinforcing the horizontal and the hanger reinforcement of configuration O.1, respectively. In layout O.2
(specimens DEB-1.2, DEB-1.5, DEB-1.7 and DEB-9) the horizontal reinforcement was under-reinforced a 40%,
leading to Asx/As1~=0.9, while in layout O.3 (specimen DEB-1.3) the hanger reinforcement was under-reinforced a
60%, leading to An/A5=3.9. Moreover, the effect of arranging s¥ on one layer or on three layers was studied for
layouts O.1 and O.2.

Specimens DEB-2.1 to DEB-2.6 included diagonal reinforcement bars (sD) with an inclination (fp) of 47° in
addition to the orthogonal reinforcement. In layouts D.1, D.2 and D.3 the diagonal reinforcement was added to the
reference orthogonal configuration (i.e. layout O.1). The amount of diagonal reinforcement was set based on a
strut-and-tie model [12] so that the contribution at failure of the inclined mechanism to total specimen strength
was approximately 40% for layout D.1, 60% for D.2 and 80% for D.3. Specimen DEB-2.6 laid out the layout of
reinforcement D.4.1, which consisted in a variation of D.3 with a 5-fold increase in horizontal reinforcement. The
horizontal length of the diagonal bars (L,p in Fig. 3) was laid out for each amount of reinforcement (350 mm, 470
mm and 600 mm, respectively).

In both series, three different amounts of reinforcement were analysed, coded p100, p71 and p49, which indicate
the percentage of reinforcement of each specimen in relation to that of the maximum reinforcement amount of its
series. The diameter and/or number of bars were changed (see Table 1) to reach the targeted amounts of
reinforcement.

2.2. Material properties

Specimens were cast in three batches with normal strength concrete and a maximum aggregate size of 20 mm.
Compressive strength f. was tested at the same age of each specimen by two 150x300 mm cylinder specimens.
The averaged results are shown in Table 1. The scatter in the strength is caused mainly by strength differences
between batches, with a limited influence of the testing age [12].

Conventional European reinforcing bars, with a nominal yield stress of 500 MPa and ductility grade B (according
to EN 1992-1-1 [34]), were used in the specimens. The average mechanical reinforcement properties of two tests
per diameter are presented in Table 2.

2.3. Test setup, instrumentation and test procedure

The test setup is presented in Fig. 2. The simply supported specimens were loaded under three-point non-
symmetric bending, with a span (distance between the two support axes) of 2,500 mm. Load (Q) was applied to
the centre of the beam by a 2.5 MN hydraulic actuator, arranged with a load cell on a reaction structure (Fig. 2) at

1,500 mm from the tested support. Hence the reaction (V) at the tested end was 40% of the applied load. After
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running the test of the first dapped-end, the setup was inverted to test the second end. Load was displacement-
controlled at a rate of 0.25 mm/min.

Supports were composed of a system of PTFE (Teflon) and polished stainless steel 5-mm plates to allow rotations
and horizontal sliding. Neoprene (250x150x20 mm) was placed over the sliding system to ensure a uniform
reaction.

Up to 45 strain gauges per test were located on reinforcing bars (see the location for DEB-1.6 in Fig. 4) to the
control strains and to determine the yield points. The strain measurements on the different instrumented bars of a
certain section were averaged for further analyses. A photographic shoot system (1 Hz frequency) was run for
imaging control purposes.

3. Tests results and discussion

All the specimens failed in the tested support, except for DEB-1.1 (T2), DEB-1.5(T2), DEB-2.3 (T2) and DEB-
2.6 (T2), in which the concrete of the tested region was pre-damaged during the first test of the specimen (e.g.
local concrete failure on the intermediate support). Hence these tests failed prematurely and their results were
either completely (DEB-2.3 (T2) and DEB-2.6 (T2)) or partially (DEB-1.1 (T2) and DEB-1.5 (T2)) dismissed.
Table 3 shows the results of the reaction on the tested support at two singular points: first yielding (7;) and peak
load (¥.). Table 3 also contains for both singular points the strains of each dapped-end reinforcement (g, where
‘s’ follows the reinforcement notation of Fig. 3).

3.1. Mode of failure

Spalling of concrete cover

The tests showed cracking that ran in parallel to the diagonal compression field over the tested support, except for
specimen DEB-1.3. This cracking progressed up to the top of the hanger reinforcement where a delamination crack
subsequently developed at the top reinforcement level. The delamination crack always took place upon peak load;
only in some tests did it become suddenly unstable immediately after the peak load had been reached, which led
to fragile spalling failure (Fig. 5 shows this kind of fragile failure caused by the spalling of the top cover for test
DEB-1.6 (T1)). This spalling behaviour agrees with previous observations made by Cook and Mitchell [4,5]. The
crack patterns for four tests are shown in Fig. 7, in which the cracks in the diagonal corner at 30% of the peak load
are highlighted in blue, while the main cracks for the peak and post-peak phases are highlighted in red.

Three criteria were applied to distinguish the tests with spalling failure: (i) a delamination crack was produced
upon maximum load; (ii) no horizontal plateau was observed on the load-displacement curves before the peak load
was reached; (iii) the post-peak strength dropped after the maximum load by more than 20% for a 20% increase

in the deflection in the centre of the beam. With these criteria, neither those tests with spalling cracks that did not
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become unstable, nor those in which spalling failure took place in the post-peak phase, were classified as spalling
delamination. Fig. 6 shows the graphical application of these criteria for specimens DEB-1.6 and DEB-1.7, in
which the load-displacement curves are represented relative to the peak load and to the displacement at peak load.
It can be observed that both tests of specimen DEB-1.6 showed a brittle behaviour after peak load (criteria III),
without developing a plateau before reaching the peak-load (criteria II). Therefore, both DEB-1.6 tests are
classified as spalling failures, while DEB-1.7 tests, which showed a ductile post-peak behaviour, not. Table 3
indicates for all tests when spalling failure was observed according to the proposed classification.

The behaviour of both tests (T1 and T2) of specimen DEB-1.3 was singular. Given the very small amount of
hanger reinforcement in this specimen, a single crack developed after yielding this reinforcement from the edge of
the support up to the top of the second shear stirrup of beam reinforcement (see Fig. 7(a)). Brittle crack sliding
failure eventually took place once this crack suddenly propagated along the top of the shear reinforcement of the
beam.

Yielding reinforcement steel

As shown in Table 3, some, or all, the ties yielded before the peak load was reached. The first yielding occurred
between 47% and 78% of the ultimate load. Detailed results about the first yielding and the sequence of the yielding
of the different reinforcements in the dapped-end region are provided in Table 3. Four different test groups can be
distinguished for the yielding sequence:

- For the specimens with layout of reinforcement O.1, reinforcements sV and sH yielded at similar load
levels (as was expected from the design of this reference layout, see section 2.1) for those cases in which
the hanger reinforcement was placed on a single stirrup. For those cases in which the hanger
reinforcement was distributed into three stirrups, the progressive yielding of these stirrups was observed,
which started from the closest one to the support and with the horizontal reinforcement yielding always
occurring before the last stirrup yielding. Upon peak load, sH and each stirrup of sV always yielded, as
seen for DEB-1.6 (T2) in Fig. 8(a).

- For the specimens with layouts of reinforcement O.2 and 0.3, yielding first took place at the lower
reinforced tie in relation to configuration O.1. Large stress redistributions were observed after this initial
yielding. Therefore, even the over-reinforced tie yielded for some tests according to these configurations.
In configuration O.2, where the hanger reinforcement was distributed into three stirrups, the first stirrup
always yielded and the last one always remained elastic; e.g., see DEB-1.7 (T2) (Fig. 8(b)).

- For those specimens to which diagonal reinforcement was added to reinforcement layout O.1 (specimens

DEB-2.1 to DEB-2.5), the strains of the hanger reinforcement were similar to the strains of the horizontal
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reinforcement, identically as observed without diagonal reinforcement. The ratio between the strains of
these orthogonal ties (sV and sH) and the strains of sD before yielding increased when the inclined
mechanism contributed to the specimen’s total strength. In this way, the diagonal reinforcement
(orientated approximately in the principal strain direction of the elastic solution) was the first to yield in
all the specimens, except in DEB-2.5 with the biggest contribution of the inclined mechanism (larger than
the theoretical contribution given by an elastic analysis, i.e. around 75%). The plastic redistribution
capacity was large enough in all cases, and allowed the orthogonal and inclined mechanisms to develop
their maximum capacity upon peak load, independently of which mechanism was first yielded.

- For specimen DEB-2.6 (similar to DEB-2.5, but with a much bigger amount of horizontal reinforcement),
the orthogonal mechanism yielded before the diagonal one. Given its considerable over-strengthening, in
this case the horizontal reinforcement remained elastic until failure.

3.2. Scatter between replicated tests

As stated in Section 2.1. , a total of two tests were done for each one of the 15 analysed reinforcement
configurations (see results in Table 3). This gives a valuable information about the uncertainty of the measured
strength capacity, caused by the scatter of the physical process itself (e.g. scatter of the material properties), as
well as construction imperfections and testing errors. Fig. 9 represents the relative variation of the measured shear
strength in each test respect to the average shear strength between replicated tests (Viav). As a reference, the
available tests in the literature containing replications [6,13,15] have been included as well into Fig. 9. The average
deviation of individual tests to the average value of a certain reinforcement configuration is around 3% in this as
well as in previous studies. While specimen 1.6 showed clearly the higher scatter of the experimental campaign,
with a deviation of the two tests around 10% from the average value, it can be seen that the deviation was below
5% in most specimens.

3.3. Influence of the amount of reinforcement

Three different reinforcement layouts in this research (D.1, O.2 and O.1 with the hanger reinforcement distributed
into three stirrups) were tested with exactly the same geometry for three different amounts of reinforcement.
Independently of each configuration, Table 4 shows the average ultimate loads for each amount of reinforcement
(V.,) in relation to the average ultimate loads of the smallest amount of reinforcement (7, 549). In this analysis, the
average strength results of the two tests for each specimen were used. An increase in reinforcement of 50% and
100% enhanced strength by around 15% and 60%, respectively, with very similar results for the three tested
reinforcement layouts. Hence strength clearly increased less than the increase in reinforcement, which suggests

that concrete failure should limit the ultimate load for the largest amounts of reinforcement. This is consistent with
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the observed spalling failure modes (less affected the specimens with the lowest reinforcement content). Thus it
can be concluded that the spalling failure of the cover on top of the hanger reinforcement clearly limited the
ultimate load of DEB, except for very small reinforcement amounts.

3.4. Influence of hanger reinforcement distribution

Hanger reinforcement was arranged on one stirrup or on three. This factor was analysed exclusively for the smallest
amount of reinforcement by the following specimens: DEB-1.1 vs. DEB-1.4 and DEB-1.2 vs. DEB-1.5. It can be
concluded from Table 3 that the distribution of the same amount of reinforcement on three stirrups reduced the
strength by 10% on average. This reduction can be explained by the mechanical centre of the hanger reinforcement
not remaining constant when increasing the number of stirrups: it was 17% further away from the support than in
the configuration with one stirrup. While this increase in the shear span-to-depth ratio tended to reduce strength
capacity almost proportionally, it was partially compensated by the positive effect on the spalling failure mode of
the hanger reinforcement distribution (since the deviation of the compression field spread and, thus, the tensile
stresses that generated on the cover reduced). For larger amounts of reinforcement and/or wider hanger
reinforcement distributions, this positive effect could even compensate the increase in the shear span-to-depth
ratio, which should be further investigated.

3.5. Influence of the Asu/Asv ratio

The layout of reinforcement O.2 consisted in a 40% reduction in 4, in relation to reference layout O.1, which was
tested for all three different amounts of analysed reinforcement. The layout of reinforcement O.3 (40% reduction
in Ay compared to layout O.1) was tested only for the smallest amount of reinforcement. Table 5 shows, similarly
to Table 4 for the amount of reinforcement, the averaged ultimate loads for each layout of reinforcement in relation
to the average ultimate loads of the reference layout O.1 (V,0.1). The 40% reduction in 4.y in O.2 led to slightly
lower reductions in strength (around 30%), with similar results regardless of the amount of reinforcement. This
difference is related to the described layout O.2 behaviour, in which not all the stirrups of the hanger reinforcement
reached their maximum capacity upon failure (see Fig. 8). According to this observation, the mechanical resultant
of A,y came closer to the edge, while the diagonal strut from the support was steeper than in layout O.1 and was,
therefore, more efficient for a given horizontal capacity. For configuration O.3, the 60% reduction in Ay in relation
to the reference layout O.1 led to a much less marked reduction in strength (34%). This difference can be explained
by the significant contribution of beam shear reinforcement (s7); the tests of specimen DEB-1.3 with layout O.3

developed a significant redistribution to this mechanism after yielding the hanger reinforcement.
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3.6. Influence of the ratio between the orthogonal and inclined mechanisms

As previously described, the beams with inclined reinforcement showed a large enough plastic redistribution
capacity to reach the maximum capacity of the orthogonal and inclined mechanisms for the different contributions
of the analysed inclined mechanism. Therefore, the capacity of the dapped-end beams was given by the
combination of the full capacity of the orthogonal and inclined mechanisms, regardless of the ratio between both
mechanisms.

Besides strength capacity considerations, it should be note that the presence of inclined reinforcement improves
the serviceability behaviour of dapped-end beams (as previously reported e.g. by Zhu et al. [9]), since it is oriented
close to the principal tensile direction of the element. In this study, the inclined reinforcement reduced the crack
openings at service loads between a 20% and a 40%, depending on the contribution of the inclined mechanism to
total specimen strength. Further details of crack opening results for this experimental campaign can be found
elsewhere [12].

4. Analysis with strut-and-tie models

4.1. Building strut-and-tie models from the experimental results

By means of strain gauges, the strains of the reinforcement bars were measured at their main sections close to the
dapped-end (see the example in Fig. 4 for specimen DEB-1.6). The stresses and forces carried by the reinforcement
were calculated based on the strain results by considering the nominal sections of the bars and assuming an
idealised bilinear stress-strain relationship. The stress-strain relationship was defined for each reinforcement
according to the measured mechanical properties (Table 2), and by considering a modulus of elasticity of 200 GPa
and a strain at the maximum reinforcement stress of 5% (characteristic value required by EN-1992 EC-2 [34] for
the used steel BSOOB). Fig. 8 shows the results of stresses (colour) and forces (thickness) at the reinforcement for
two tests upon peak load.

For the purpose of building strut-and-tie models based on the experimental results, the calculated forces carried by
the reinforcing bars were considered to be tie forces for those gauges placed in the proximity of cracks since stress-
free cracks were assumed. This is the case of the gauges located in the vicinity of the re-entrant corner
(reinforcement bars sH, sV and sD) because the starting position of the diagonal crack at the re-entrant corner was
known beforehand and gauges were strategically placed assuming a crack inclination of 45°. For the strain gauges
not located in the proximity of a crack, the tie force could differ from the force carried by the reinforcement
(calculated according to the measured strains) because of the tension-stiffening effect. For building strut-and-tie

purposes, tie forces were estimated in these cases by the equilibrium conditions from the known tie loads.
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The results of the strut-and-tie models compatible with the results measured upon peak load were built and are

shown in Fig. 10 for four different tests (struts are represented in dashed black lines with a thickness proportional

to their resisted loads, and ties are denoted by thin continuous black lines superposed to the measured
reinforcement loads). The detailed results of the forces in the struts and ties for these models are provided in Table

6. The hanger reinforcement was grouped into a single tie in DEB-1.6 (T2) and DEB-1.7 (T2) adding the measured

forces in the three stirrups. Different models based on the experimental results could be built, but the basic

morphology would remain the same. This allowed us to state the next qualitative analysis based on the particular

models of Fig. 10:

- For configuration p100-0.1 (test DEB-1.6 (T2) in Fig. 10(a)), node 2 is located quite low, which is consistent
with the observed spalling failure. Upon failure load, only tie 1-4 (reinforcement sH) yields, while the force of
tie 2-3 (reinforcement s¥) exceeds the magnitude of the reaction by 36% due to the vertical component of the
fan stress field generated by the anchorage of the horizontal dapped-end reinforcement.

- Configuration p100-0O.2 (test DEB-1.7 (T2) in Fig. 10(b)) has a lower ratio 4sx/Asrthan p100-O.1. The resulting
strut-and-tie model of this configuration is similar to the previous one, but node 2 is located higher, which is
consistent with the observed mode of failure without spalling. Upon peak load, tie 1-4 (reinforcement sH) yields,
while the force of tie 2-3 (reinforcement s¥) exceeds the magnitude of the reaction by only 17%.

- For configuration p49-0.3 (test DEB-1.3 (T1) in Fig. 10(c)), with a higher ratio 4su/Asy than p100-O.1 (test
DEB-1.6 (T2)), both the hanger and the horizontal dapped-end reinforcement reach their capacity. As the
magnitude of the reaction is greater upon failure than the capacity of the vertical reinforcement, the remaining
vertical component of the reaction must be equilibrated by the contribution of the first stirrup of the beam.

- In configuration pl100-D.1 (test DEB-2.2 (T1) in Fig. 10(d)), which contains diagonal reinforcement, all the
main dapped-end reinforcements (sD, sH and s¥) yield. Upon failure, the sum of the vertical component of the
diagonal tie 1-5 capacity and the vertical tie 2-3 capacity equals the reaction. Since node 2 is lower than the
compression chord of the beam, there must be two struts: strut 2-6 that connects the compression chord
trajectory and strut 2-4 that represents the fan stress field generated by the anchorage of the horizontal dapped-
end reinforcement.

4.2. Simplified strut-and-tie models for dapped-end beams

Based on previous observations, it can be stated that the failure of the nodal region on top of the hanger

reinforcement strongly impacts the geometry of the strut-and-tie models for dapped-end beams. Some authors have

suggested neglecting the contribution of the top concrete cover when computing this nodal region [4,5]. While this

is a simple safe approach, it can be excessively conservative for assessment, and even design purposes. The
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verifications proposed by standards to check compression-compression-tension (CCT) nodal regions could be
potentially unsafe [4,5] when applied to dapped-end beams if the contribution of the concrete cover is considered;
these verifications are derived for the CCT nodes over supports, but dapped-end beams have more restrictive
conditions: (i) the reinforcement in the node is typically yielded in the ultimate state and (ii) part of the nodal
region is unreinforced since reinforcement does not completely cross it (and not as in the CCT nodes over
supports). A refined analysis of the behaviour of this nodal region would be time-consuming and require knowing
variables such as concrete tensile strength and exact reinforcement detailing. For this reason, the development of
simplified procedures, which allow a simpler, yet accurate, calculation of the load capacity of dapped-end beams
without neglecting the top concrete cover, is most relevant. The simplified procedure now presented is derived for

(1) reinforced dapped-end beams, (ii) with a clearly defined hanger reinforcement and (iii) without any other

reinforcement on the support apart from the main reinforcements defined in Fig. 11. The additional detailing

reinforcement used to control tensile stresses due to the diffusion of the strut on the support required for dapped-
ends with profound depths does not need to be considered in a global strut-and-tie. Hence in those cases which
would require this reinforcement, the simplified proposed procedure is still applicable.

4.2.1. Model description

Based on the experimental observations discussed in Section 4.1. the model considers that (i) concrete does not

fail out of the nodal region on top of the hanger and (ii) the diagonal and horizontal reinforcement in DEB always

develops its plastic capacity. Two different strut-and-tie models may produce upon failure, depending on whether
the hanger reinforcement yields or not:

- Model A (Fig. 11(c)), if the hanger reinforcement does not reach its maximum capacity. In this case, the vertical
reaction (V) of the support is equilibrated by (i) the vertical component of the diagonal reinforcement whenever
present and (ii) the hanger reinforcement. In this model, the hanger reinforcement also supports the action of
the fan anchorage mechanism of the horizontal reinforcement (strut 4 in Fig. 11(a)).

- Model B (Fig. 11(e), when the hanger reinforcement reaches its plastic capacity. In this model the vertical
reaction is equilibrated by three resistant mechanisms: (i) the vertical component of the diagonal reinforcement
whenever present; (ii) the hanger reinforcement; (iii) the contribution of beam shear stirrups. In this case, no
fan anchorage mechanism for the horizontal reinforcement is produced and all the hanger reinforcement
capacity equilibrates the load at the support.

If the position and strength of the different ties are known (Fig. 11(a)), the capacity of the proposed strut-and-tie

models is dependent only on the vertical position of node 2 on top of the hanger reinforcement. The failure

condition of this nodal region is required to obtain the maximum strength of the element. The simplified geometry
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shown in Fig. 11(b) is considered for this nodal area, which implies that the compression chord is stressed below
its plastic capacity and does not limit the strength of the element. In order to easily define the vertical position of
this nodal region upon failure, it is assumed that the failure condition of strut 1B-2 (see Fig. 11(b)) in node 2
provides a good estimation of this position, without being necessary to explicitly verify the nodal area.

Based on the experimental observations, the model assumes that the capacity of the diagonal strut can be expressed
by a unique expression with a reduction factor (k.) that takes into account cover spalling and the presence of
transversal strains regardless of the element’s mode of failure (with or without spalling). In this way, the maximum

compressive load of strut 1B-2 (see Fig. 11(b)) can be expressed as follows:
Cipy =k, - f.-b-(2-x-cos6,,) (1)
where b is the width of the dapped-end beam, x is the vertical distance between node 2 and the top edge of the

beam, and 6z, is the inclination of strut 1B-2.

Verification approach — Model A

By applying this failure criteria for the proposed model A and considering the horizontal equilibrium at node 1A,
as well as the equilibrium at node 1B (described at Fig. 11(d)), it is possible to obtain the vertical position of node
2 according to the geometry, concrete strength and the capacity of ties. This result can be expressed as the slope

between nodes 1A and 2 as follows:

i:zd—zc+\/ﬂf+2-zc-(i—/1d)—1 @
a

ay 1

where z is the vertical distance between node 2 and the horizontal dapped-end reinforcement, ay is the horizontal
separation of the hanger reinforcement to the strut-and-tie node over the support (1A), d is the effective depth in
the nib, and 4. and 1, are dimensionless coefficients related to the capacity of the diagonal reinforcement and of
concrete, respectively, both of which are normalised by the element’s horizontal capacity:

— kc'f;'b'aV
‘ 7;H,u +T;D,u 'COSﬂD _H

. 3
ap Tp, -sin f,

ay I;H,u + TcD,u -cos B, —H

A =

where ap is the horizontal separation of the diagonal dapped-end tie to the strut-and-tie node over the support (1A),
Tsnu and Tip, are the plastic tensile capacities of the horizontal and the diagonal dapped-end reinforcement,

respectively, and H is the horizontal force applied at the dapped-end.
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The ultimate load of the element (V) in model A can be derived from the moment equilibrium of the forces that
act on the solid represented in Fig. 11(c) at node 2, which lead to Eq. (4). Thus the forces of struts C; and C4 and
the force of the vertical main tie (7,r) are not required to compute the ultimate load.
z . a
V,= (TsHu +Tp, -cos f3,, _H) — 4T, -sin 3, [ __D] (4)
ay ay
This formulation is only valid for model A, which requires the hanger reinforcement to not reach its plastic
capacity. To assess this condition, the contribution of hanger reinforcement (7}y) can be derived by checking the

vertical equilibrium of the element, which results in the following expression:
T, = (TsH,u +T1,,, -cos 3, — H) ‘tanf,, +C,sin b, ®)

where 6, is the slope of strut 4 and 6., is the slope of strut 1B-2, which is related to the geometry previously
defined in Egs. (2) and (3) as follows:

tan6,,, = Z_ A Q)

ay

Eq. (6) results in tan 014> for those cases with no diagonal reinforcement because a single direct strut forms
between nodes 1A and 2.
Strut C4 is produced by the action of the fan anchorage mechanism of the horizontal reinforcement, but only if the
hanger reinforcement has enough capacity to equilibrate its vertical component (i.e. strut C4 uses the remaining
capacity of the hanger reinforcement after equilibrating the vertical component of strut 1B-2). Hence C4 vanishes

during the transition between model A and B. Thus model A is produced when the following condition is fulfilled:

(T +T,,-cosf, —H)-tan@lB_2 <T,. (7)

sH u S.

Verification approach — Model B
When the condition given by Eq. (7) is not fulfilled, the ultimate load of the element (V) is given by model B,

which considers the contribution of the beam shear reinforcement as follows:

V.=T, +T

u sV,u sD,u

-sin B, + T, (®)

where the contribution of the beam shear reinforcement in model B (77) is obtained from the equilibrium of the

horizontal forces at node 1A and can be computed as follows:

Ty = i(TsHu +Tp, -cos B, =T, -cotBy, — H) <T;. ©)

a,
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where z can be extracted from Egs. (2) and (3) that define the vertical position of node 2, Tz, is the plastic tensile
capacity of the tie representing the shear reinforcement (s7) and a; is the horizontal separation of the beam shear
tie to the strut-and-tie node over the support (1A).

In this model, the position of node 2 is assumed to be the same as for model A. While this is a conservative
simplification for model B that users could overcome — by iteratively refining the position of node 2 in model B
with the proposed formulation based on the load distribution between the two mechanisms (strut 1A-1B-2 vs. strut
1A-6) — no differences in the results were observed later between models A and B when using this simplification.
Therefore, it is recommended to skip this refinement and apply the model without an iteration process.
Furthermore, if the shear reinforcement reaches its maximum capacity due to direct action from the support, the

horizontal tie is not yield and its force can be obtained by:

Ty=—T1:;,-T,, -cos f3, + T, cot Op, +H (10
z

S

For usual dapped-end designs, the vertical and/or diagonal reinforcements carry out the main part of the reaction,
and the contribution of the beam shear reinforcement is minor. As indicated in Fig. 11(a), the consideration of all

the shear stirrups that allow a direct strut with an inclination of at least 20° in the model is suggested.

Design approach

For design purposes, it is recommended to not rely on the contribution of the beam shear reinforcement and to use
model A described above. Designers should first select the fraction of the vertical reaction to be equilibrated by
the diagonal mechanism (a.p). Then the required capacities of the dapped-end ties can be expressed according to

the acting vertical (V) and horizontal loads (H), as follows:

z
a
Ty, = V[l—/id —Vj (1
4
T;D,u = V.aD
cos B, E +sin £, (1—%j
aV aV

where the z/ay ratio that defines the vertical position of node 2 can be calculated for design purposes by the

following expression:
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a ay 12 2 2
1+yc/1d+\/l—2yc(d"—ﬂ,d +d"ﬂ,dJ—yc (1+ﬂ,d)

= = (12)
a
% Ho+2-0
d
in which A; was defined in Eq. (3) and s is the following dimensionless coefficient:
pp— (13)
“kf bd

For those cases that include diagonal reinforcement, the proposed formulation requires an iterative resolution
because A, coefficient is not known beforehand as it is dependent on the capacity of reinforcement (see Eq. (3)).
When only orthogonal reinforcement is arranged, the A4 coefficient is zero and the design process does not require
any iteration. It should be noted that in spite of requiring an iterative solution for members with diagonal
reinforcement, the proposed method allows for designing dapped-end beams easier than with conventional strut-
and-tie modelling, for which the model’s geometry has to be iteratively found depending on the verification of the
CCT nodal area on top of the hanger reinforcement.

The proposed verification and design models only predict the strength of the dapped-end beams that reach their
capacity due to reinforcement steel yielding and concrete failing on top of the hanger reinforcement. Hence
additional verifications like stresses in other nodal regions and the appropriate anchorage of reinforcement have
to be independently checked.

In the following section, the results of the verification model are compared to the experimental results for the
different values of reduction factor k. (that defines the effective concrete strength in the analysed strut, in Egs. (1)
and (3)) given in different design codes.

4.2.2. Comparison with the experimental results

Thirty-nine tests taken from Ajina [3], Clark and Thorogood [6], Zhu et al. [9] and Herzinger [13], as well as 28
of the tests presented herein, were used for the experimental verification of the proposed simplified strut-and-tie
method for dapped-end beams. The analysis did not consider the second test for specimens DEB-1.1, DEB-1.5,
DEB-2.3 and DEB-2.6, whose results were ruled out in ULS. Nor did the analysis consider the tests of the reference
experimental campaigns [3,6,9,13], which contained factors that were not covered by the model, namely: (i)
prestressing; (ii) T-sections; (iii) high-strength concrete; (iv) fibre-reinforced concrete; (v) other reinforcements
on the support apart from sH, sV and sD; (vi) the distribution of the hanger reinforcement over many layers. The
tests of Herzinger [13], which included an inclined reaction in DEB, allowed the verification of the proposed model

for those cases with a horizontal component of the reaction.
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To verify the compression-compression-tension (CCT) nodes, standards typically propose checking the strength
of the diagonal strut. fib Model Code 2010 [35], EN 1992-1-1 [34] and ACI 318-14 [36] specify similar values for
the strength of this diagonal strut, which lies at between 0.78- and 0.63-fold the uniaxial compressive strength
depending on the compressive characteristic strength (see Table 7). For low concrete strengths, according to ACI
318-14 [36] the reduction factor is significantly lower than for the other two standards because the concrete
brittleness reduction factor is set at 0.85, independently of compressive strength. These strengths, derived for CCT
nodes on supports, would be unsafe for dapped-end beams, unless the top concrete cover is neglected. When
considering the compressed cover, it is necessary to take into account the effect of the potential cracks crossing
part of the diagonal strut, which can lead to delamination cracks, as previously described. Hence for this particular
CCT node, the strengths given in the standards for struts with oblique tension might be more suitable. The
compressive strength reduction factor for this strut case varies between 0.55 and 0.46 depending on the concrete
strength (see Table 7) for the analysed standards [34-36], at around 30% lower than the values considered for the
CCT nodes on supports.

The proposed verification model in Section 4.2.1. was applied to predict the ultimate load of the experimental tests
selected for the two stated possible effective compressive strengths (standard CCT node or struts with oblique
tension) according to fib Model Code 2010 [35]. Table 8 summarises the main results. The model barely depended
on the effective concrete strength for the analysed range of strengths. Since the coefficients of variation for the
ratio between the experimental and predicted loads were constant for the analysed cases, the strength reduction
factor, given by fib Model Code 2010 [35] (k=n0.55), is recommended based on the analysis of the ratio between
the experimental and predicted load and the percentage of unsafe predictions.

Fig. 12 graphically represents the predictions of the proposed model for this recommended factor. Details on the
reinforcement capacity, geometry and mode of the proposed strut-and-tie model, and the predicted failure loads,
for each analysed specimen are found in Table 9. While predictions were slightly conservative for the tests run by
Zhu et al. [9] with very small amounts of reinforcement, for the reinforcement amounts used typically in the design
practice, the model yielded accurate ultimate load estimations regardless of the reaction applied in DEB being
vertical or inclined. The potential underestimation of capacity for lightly reinforced DEB could be due to (i) a
significant contribution of concrete in tension for low reinforcement ratios and/or (ii) the dependence of the
spalling process on the reinforcement ratio not being totally captured by the proposed model. While such amounts
of reinforcement are below standard design practice, further experimental work on such elements would clarify

these hypotheses and allow the proposed simplified model to be refined.
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5. Conclusions
This paper presents experimental research about 28 tests of 15 different reinforcement configurations both with
and without diagonal reinforcement. The elements’ concrete strength and geometry were constant, while the
amount and the layout of reinforcement were investigated. Hanger reinforcement either concentrated on a single
layer or was distributed over a short distance (the same order as the concrete cover). Detailed measurements in the
region near the support were recorded during the experimental tests. Based on the experimental results, a simplified
procedure to define the geometry of the strut-and-tie models for DEB with concentrated hanger reinforcement is
presented. The main research conclusions are:

- The deformation capacity of the tested DEB configurations is enough to develop the full strength of the
orthogonal and inclined mechanisms, regardless of the ratio between mechanisms.

- The failure of the nodal region on top of the hanger reinforcement caused by concrete spalling limits the ultimate
load of DEB, except for very low reinforcement ratios. This previously stated observation is confirmed by the
experimental evidence provided herein for concentrated or quasi-concentrated hanger reinforcements.

- The verifications contained in the standards for CCT nodal regions are typically derived for the nodes on top of
supports, and could lead to unsafe results when applied to the CCT nodal region of DEB on top of the hanger
reinforcement, unless reinforcement is distributed or the top concrete cover is neglected. This CCT node in
DEB is more restrictive than the standard CCT node since reinforcement is typically yielded in the node in the
ultimate state and part of the nodal region is unreinforced.

- The simplified procedure presented herein, based on the strength of the diagonal strut from the support, allows
the strength of the CCT node of DEB with concentrated reinforcement to be verified without neglecting the
concrete cover from the geometry. Suitable results are obtained for the 65 analysed tests by considering the
strength given in the standards for struts with oblique tension for this strut.

- The hanger reinforcement distribution over several layers reduces strength because of the resulting increase in
the span-to-depth ratio, but this reduction is partially compensated by the positive effect on spalling failure.
Further research is needed to analyse this positive effect, especially for large amounts of reinforcement, for
which the procedure presented herein could be conservative when considering the reinforcement concentrated
on a single layer.
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Table captions
Table 1. Properties of test specimens.

Table 2. Mechanical properties of reinforcement.

Table 3. Main results and failure modes of the experimental research.

Table 4. Influence of the amount of reinforcement on strength.

Table 5. Influence of the ratio between the horizontal and hanger reinforcement on strength.

Table 6. Forces in the strut-and-tie models proposed in Fig. 10 from the experimental results (F;, and F, denote the
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Figure captions

Fig. 1. Dapped-end beams: (a) typical geometry with strut-and-tie model for orthogonal reinforcement and (b)
detail of the nodal area on top of the hanger reinforcement.

Fig. 2. Test setup for 3-point bending experiments on reinforced concrete dapped-end beams (dimensions in mm).
Fig. 3. Reinforcement notation and geometry (main reinforcement of the dapped-end in light grey; dimensions in
mm).

Fig. 4. Strain gauges distribution on reinforcing bars (specimen DEB-1.6).

Fig. 5. Failure of test DEB-1.6 (T1): (a) view upon peak load and (b) view right after peak load.

Fig. 6. Example of application of spalling failure criteria for specimens DEB-1.6 and DEB-1.7.

Fig. 7. Crack pattern for the peak load represented in the photos taken after peak load (in blue highlighted cracking
at 30% V).

Fig. 8. Reinforcement stresses (in colour, relative to the reinforcement yield strength f;) and tensile forces
(thickness) calculated from the strain measurements at peak loads: (a) DEB-1.6 (T2) and (b) DEB-1.7 (T2).

Fig. 9. Scatter between replicated tests (in the vertical axis the relative variation of the measured shear strength in
each test respect to the average shear strength between replicated tests).

Fig. 10. Strut-and-tie models from the experimental results (struts represented in dashed black lines with a
thickness proportional to their loads and ties in thin continuous black lines superposed to the reinforcement
experimental results — represented by colour lines and text display of the measured force of each reinforcement
layer —).

Fig. 11. Proposed simplified strut-and-tie models for dapped-end beams: (a) definition of ties; (b) node on top of
the hanger reinforcement and verification section; (c)-(d) model A, description and equilibrium in nodes and (e)
model B.

Fig. 12. Ratio between the experimental load and the load predicted by the proposed model (k~=0.557%) versus

the experimental load.
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Fig. 1. Dapped-end beams: (a) typical geometry with strut-and-tie model for orthogonal reinforcement and (b)
detail of the nodal area on top of the hanger reinforcement.
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Fig. 4. Strain gauges distribution on reinforcing bars (specimen DEB-1.6).



(b)

Fig. 5. Failure of test DEB-1.6 (T1): (a) view at peak load and (b) view one second after peak load.
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(a) DEB-1.3 (T2) (a) DEB-1.9 (T2)

(c) DEB-2.2 (T2) (d) DEB-2.6 (T1)

Fig. 7. Crack pattern for peak load represented in photos taken after peak load (in blue highlighted cracks at
30% V).
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(b) DEB-1.7 (T2)
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Fig. 8. Reinforcement stresses (in colour, relative to the reinforcement yield strength f,) and tensile forces
(thickness) calculated from strain measurements at peak loads.
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TABLES

Table 1. Properties of test specimens.

Dapped-end reinforcement

Beam reinforcement

Specimen Graphical Asn Asn Asn Asws Asp As A Ag fe
(codification) descriptiont (mm?) (mm?) (mm?) (mm?) (mm?) (mm?)  (mm?) (mm>?/m) (MPa)
DEB-1.1 { \ 5010 20101208 4020 208/0.125 411
(p49/0.1) ( (393) (258) ) ) (1257) ) (808) ’
DEB-1.2 { \ 3010 2010+208 ) ) ) 4020 ) 208/0.125 393
(p49/0.2) ( (236) (258) (1257) (808) ’
DEB-1.3 \ 5010 208 4020 208/0.125
(p49/0.3) ( (393) (101) } } (1257) . (808) 399
DEB-1.4 { \ 5010 208 206 208 4020 208/0.125 404
(p49/0.1) ( (393) (101) (57) (101) (1257) ) (808) ’
DEB-1.5 ‘ \ 3010 208 206 208 ) 4020 ) 208/0.125 408
(p49/0.2) ( (236) (101) (57) (101) (1257) (808) '
DEB-1.6 { 4016 2010 2012 2010 4025 4016 408/0.125 311
(p100/0.1) ( (804) (157) (226)  (157) } (1963) (804) (1608) '
DEB-1.7 { \ 4012 2010 2012 2010 4025 4016 408/0.125 300
(p100/0.2) ( (452) (157) 226)  (157) ) (1963) (804) (1608) ’
DEB-1.8 { \ 5012 2010 206 2010 ) 4025 ) 208+2036/0.125 22
(p71/0.1) ( (565) (157) (57) (157) (1963) (1256) ’
DEB-1.9 { \ 3012 2010 206 2010 4025 208+206/0.125 319
(p71/0.2) ( (339) (157) (57) (157) } (1963) . (1256) '
DEB-2.1 \ [ \ 3010 308 2010 4020 208/0.125 402
(p49/D.1) ( (236) (151) ) ) (157) (1257) ) (808) ’
DEB-2.2 { [ ) 4012 4010 } ) 2012+1010 4025 4016 408/0.125 333
(p100/D.1) ( (452) (314) (305) (1963) (804) (1608) ’
DEB-2.3 { [ \ 3012 2012 2012 4025 208+206/0.125 33
(p71/D.1) ( (339) (226) } } (226) (1963) . (1256) ’
DEB-2.4 { r\ \ 4010 2012 2012+1016 4025 4016 408/0.125 369
(p100/D.2) ( (314) (226) ) ) (427) (1963) (804) (1608) ’
DEB-2.5 { f\ \ 208+206 208 ) ) 2016+1012 4025 4016 408/0.125 371
(p100/D.3) ( (157) (101) (515) (1963) (804) (1608) '
DEB-2.6 { r\ \ 4016 208 2016+1012 4025 4016 408/0.125 383
(p100/D.4.1) (804) (101) . . (515) (1963) (804) (1608) ’
+ . . . . .
d.Relnforcement sizes are not to ss:a.le. Dimensions represent only relative T NGERnE LOW amount
ifferences between specimens. Filling color symbolizes the amount of SETOITE of reinf. of reinf.

reinforcement as follows:




Table 2. Mechanical properties of the reinforcement.

Reinforcement bar diameter (mm)

6 8 10 12 16 20 25
Specimens DEB-:  f; (MPa) 6054 619.0 566.5 5850 - 5362 -
1.1,12,13,14,15,2.1 £ (MPa) 713.1 7089 6550 672.5 - 6555 -
Specimens DEB-:  f; (MPa) 547.3 5323 5442 5461 549.6 -  569.9
1.6,1.7,1.8,1.9,22,2.3 £, (MPa) 680.1 672.1 6543 658.5 672.8 - 6959
Specimens DEB-:  f, (MPa) 558.6 554.1 548.4 5517 5439 - 5399
24,25,26,3.1,32,33 f,(MPa) 7182 673.5 6562 640.1 6383 - 6509




Table 3. Main results and failure modes of the experimental investigation.

Yielding of first rebar Peak load
Test Spalling Seq'uen'ce of vy ViV, EsH Esv1 Esp2 Esp3 &sD Va EsH Esvl & &3 &sD
yielding N (%) ) k) ) ) (%) (N) ) (%) (%) () (%)
DEB-1.1 (T1) Yes H-V 1463 76% 293 2.79 - - - 193.6 Y Y - - -
DEB-1.1 (T2) No V-H 122.0 63% 2.29 2.95 - - - - Y Y - - -
DEB-1.2 (T1) Yes H-V 106.1 73% 2.84 2.36 - - - 145.8 Y 3.13 - - -
DEB-1.2 (T2) Yes H-V 95.7 72% 2.84 2.49 - - - 132.7 Y 7.92 - - -
DEB-1.3 (T1) No V-H 77.5 64% 1.98 3.10 - - - 121.1  6.35 Y - - -
DEB-1.3 (T2) No 4 89.5 67% 1.65 3.10 - - - 133.0 2.28 Y - - -
DEB-1.4 (T1) Yes V2-V1-V3-H 1184 65% 2.27 2.51 3.10 298 - 183.0 4.62 Y Y 4.92 -
DEB-1.4 (T2) Yes VI-H-V2-V3 99.5 58% 2.81 3.10 2.62 1.18 - 170.4 Y Y Y 4.63 -
DEB-1.5 (T1) No H-V2-V1 69.7 56% 283 266 3.01 0.80 - 125.3 Y Y Y 1.71 -
DEB-1.5 (T2) No H-VI-V2 81.2 65% 2.80 236 1.56  0.70 - - Y Y Y 1.64 -
DEB-1.6 (T1) Yes VI-H-V2-V3 1934  63% 239 272 1.83 1.43 - 309.2 6.18 Y 7.60 5.58 -
DEB-1.6 (T2) Yes VI-H-V2 1632  65% 1.93 2.73 1.71 1.33 - 2509 3.93 Y 2.94 2.26 -
DEB-1.7 (T1) No VIi-H 1189 61% 1.80 2.73 0.80 0.95 - 194.4 Y 7.04 1.27 2.12 -
DEB-1.7 (T2) No Vi-H 1448 77% 2.56 2.72 133 1.09 - 188.8 Y Y 1.94 1.38 -
DEB-1.8 (T1) Yes VI-H-V2-V3 126.0  65% 2.71 2776 210 1.17 - 195.3 Y Y Y 2.83 -
DEB-1.8 (T2) Yes H-VI-V2-V3 94 .4 47% 2.69 1.81 1.96 1.07 - 199.1 Y Y Y 2.98 -
DEB-1.9 (T1) No VI-H-V2 110.5 78% 2.25 2.71 2.10 0.73 - 141.7 Y Y 5.14 1.26 -
DEB-1.9 (T2) No VI-H-V2 1132 78% 2.55 2.73 2.37 1.29 - 145.5 Y Y 8.06 1.88 -
DEB-2.1 (T1) Yes D-V-H 91.9 47% 0.90 0.85 - - 2.82 194.9 Y Y - - Y
DEB-2.1 (T2) Yes D-V-H 104.6  52% 1.01 1.31 - - 2.84 199.6 Y Y - - Y
DEB-2.2 (T1) Yes D-V-H 208.6 65% 1.64 1.80 - - 2.73 321.8 6.87 Y - - Y
DEB-2.2 (T2) Yes D-V-H 208.5 63% 1.42 1.40 - - 2.73 3298 6.42 8.56 - - Y
DEB-2.3 (T1) Yes D-H-V 157.3 65% 2.14 1.80 - - 2.88 240.5 Y Y - - Y
DEB-2.4 (T1) Yes D-V-H 219.6  70% 1.88 2.01 - - 2.75 311.9 Y 16.2 - - Y
DEB-2.4 (T2) Yes D-V-H 2202 71% 193 212 - - 2.74 309.4 Y 8.60 - - Y
DEB-2.5 (T1) Yes H-D 197.2 74% 2.73 - - - 2.15 265.1 Y Y - - Y
DEB-2.5 (T2) Yes H-D-V 208.8 71% 2.73 2.14 - - 2.52 294.9 Y Y - - Y
DEB-2.6 (T1) Yes V-D 179.1  55% 1.00 2.79 - - 1.86 328.1 2.20 Y - - Y

Plastic strains are highlighted in bold; ‘Y’ codification represents that the strain gauges instrumentation failed before
reaching the peak load having recorded plastic strains.



Table 4. Influence of the amount of reinforcement on the strength.

Vil Vipao
Amount of  Relative amount  Layout Layout

Layout A
reinforc. of reinforcement 0.1 0.2 D.1 Ve
p100 100/49=2.04 1.59 1.54 1.64 1.59
p71 71/49=1.45 1.11 1.15 1.21 1.16

p49 1.00 1.00 1.00 1.00 1.00




Table 5. Influence of the ratio between the horizontal and the hanger reinforcement on the strength.

Vil Va0
Reinf. Amount Amount Amount
layout Ay 49 p7l  ploo  AvE
0.1 0.67 1.00 1.00 1.00 1.00
0.2 1.12 0.71 0.73 0.68 0.71

0.3 0.27 0.66 - - 0.66




Table 6. Forces in the strut-and-tie models proposed in Fig. 8 from the experimental results (¥} and F, denote the
horizontal and the vertical component of the force respectively; negative force represents tension).

(a) DEB-1.6 (T2) (b) DEB-1.7 (T2) (c) DEB-1.3 (T1) (d) DEB-2.2 (T1)
Strut/ F F, Strut/ F F, Strut/ F F, Strut/ Fy F,
Tie  (kN)  (kN) Tie  (kN) (kN) Tie  (kKN)  (kN) Tie (kN) (kN)
1A-2 449 251 1A-2 257 189 1A-2 230 121 1A-1B 259 322
2-4 121 90 2-7 53 33 2-6 230 56 1B-2 390 181
2-6 328 52 2-ext 204 0 3-7 108 65 2-4 50 36
3-4 79 112 3-7 247 221 5-7 39 47 2-6 341 36
3-7 270 176 7-ext 96 6-9 230 9 3-4 57 68
5-7 53 64 8-ext 93 7-ext 71 3-7 189 113
6-9 328 11 -7 -257 0 8-ext 50 5-7 177 212
7-ext - 145 2-3 0 =221 9-ext 230 0 6-7 3 3
8-ext - 105 3-8 247 0 1A-7  -230 0 6-ext 341 0
9-ext 328 0 7-8 0 -93 2-3 0 -65 7-ext - 171
1A-4  -449 0 3-5 -108 0 8-ext - 151
2-3 0 -288 5-6 0 -47 1A-4 -259 0
3-5 -349 0 5-8  -147 0 1B-5 -131 -141
4-5 0 -64 7-8 0 -50 2-3 0 -181
4-6 0 -42 7-9 0 -9 3-5 -245 0
4-7  -250 0 4-5 0 =72
5-8 -402 0 4-6 0 -39
7-8 0 -105 4-7 -153 0

5-8 -553 0

7-8 0 -151




Table 7. Reduction factor of the compressive strength specified in fib Model Code 2010 [33], EN 1992-1-1 [32] and
ACI 318-14 [34] for CCT nodes with anchorage outside the nodal region and struts with oblique tension.

CCT node Strut with oblique tension

fu  ACI318-14 EN 1992  fibMC2010 ACI318-14 EN 1992  fib MC 2010
(MPa)  (.=0.85-0.8 k=v"0.85 k=n0.75  k=0.85-0.6 k=v"0.6 k=1;-0.55

20 0.68 0.78 0.75 0.51 0.55 0.55
30 0.68 0.75 0.75 0.51 0.53 0.55
40 0.68 0.71 0.68 0.51 0.50 0.50

50 0.68 0.68 0.63 0.51 0.48 0.46




Table 8. Statistical comparison of test results to proposed model for different values of the effective compressive
strength (ratio Vies/Vinoder)-

fib MC 2010 (k~n-0.75) fib MC 2010 (k=ny-0.55)
Num. tests
Avg. CoV %>1.00 Avg. CoV %>1.00
Ajina [3] 2 1.03 0.17 50% 1.10 0.16 50%
Clark & Thorogood [6] 20 1.01 0.11 50% 1.04 0.11 50%
Zhu [9] 4 1.13 0.12 75% 1.16 0.12 75%
Herzinger [13] 13 0.97 0.08 23% 1.01 0.08 46%
Mata-Falcon [12] 26 1.00 0.08 46% 1.03 0.07 62%

ALL 65 1.00 0.10 45% 1.04 0.10 55%




Table 9. Detailed results of the proposed model and comparison to test results (f;=0.557).

L T S I S S Gt
Ajina [3] B2 69.8 58.4 0.0 292 292 177 0.79 A 48.0 0.0 39.1 123
B6 69.8 58.4 0.0 292 223 132 076 A 28.0 0.0 28.6 0.98
Clark & 3(T1) 56.8 495 63.4 1114 465 253 094 B 1140 0.0 114.1 1.00
Thorogood [6] 3(T2) 56.8 495 63.4 1114 465 253 094 B 120.0 0.0 114.1 1.05
4(T1) 267.9 1547 182.5 1114 401 220 081 B 3280 00 3526 0.93
4(T2) 267.9 1547 182.5 1114 401 220 081 B 3300 00 3526 0.94
7(T1) 495 495 63.4 1114 609 292 090 B 1350 0.0 1435 0.94
7(T2) 495 495 63.4 1114 609 292 090 B 136.0 0.0 1435 0.95
8 (T1) 222.8 1547 182.5 1114 506 233  0.69 B 3490 0.0 4043 0.86
8 (T2) 222.8 1547 182.5 1114 506 233  0.69 B 3920 0.0 4043 0.97
9 (T1) 77.4 111.4 0.0 1114 593 277 084 B 1370 0.0 117.4 1.17
9(T2) 77.4 111.4 0.0 1114 593 277 084 B 1340 0.0 117.4 1.14
10 (T1) 278.5 2228 0.0 1114 507 233  0.69 B 3330 0.0 2643 1.26
10 (T2) 278.5 2228 0.0 1114 507 233  0.69 B 3190 0.0 2643 121
11 (T1) 1547 1114 0.0 1114 576 215 079 B 1420 0.0 144.5 0.98
11 (T2) 1547 1114 0.0 1114 576 215 079 B 140.0 0.0 144.5 0.97
12 (T1) 2228 2228 0.0 1114 411 228 084 A 2050 0.0 194.7 1.05
12 (T2) 2228 2228 0.0 1114 411 228 084 A 2470 0.0 194.7 127
17 (T1) 495 495 63.4 1114 606 290 0.89 B 147.0 0.0 142.8 1.03
17 (T2) 495 495 63.4 1114 606 290 0.89 B 1450 0.0 142.8 1.02
18 (T1) 495 495 63.4 1114 465 253 094 A 1040 0.0 106.5 0.98
18 (T2) 495 495 63.4 1114 465 253 094 A 110.0 0.0 106.5 1.03
Zhu et al. [9] T4 6262 3757 0.0 2505 496 238 0.83 B 5716 00 5104 1.12
T5 3757 3757 279.2 2505 512 250 088 B 9208 0.0 7277 127
T6 3757 6262 0.0 2505 516 253  0.89 A 467.1 0.0 4741 0.99
T7 3757 3757 465.4 2505 512 250 088 B 1196.6 0.0 9457 127
Herzinger [13] ~ DE-A-1.0 (T1) 3006  172.0 0.0 86.0 448 243 0.5 B 2160 02 2100 1.03
DE-A-1.0(T2) 3006  172.0 0.0 86.0 459 252 0.78 B 2550 02 211.0 121
DE-A-0.5(T1) 3006  172.0 0.0 86.0 449 244 0.76 B 2310 02 2089 1.11
DE-B-1.0(T1)  359.5  145.6 0.0 86.0 439 222 071 B 2030 02 2140 0.95
DE-B-1.0(T2)  359.5  145.6 0.0 86.0 443 224 071 B 2260 02 2137 1.06
DE-B-0.5(T1)  359.5  145.6 0.0 860 436 219 0.70 B 2050 02 2124 0.97
DE-B-0.5(T2)  359.5  145.6 0.0 86.0 437 220 0.70 B 2220 02 2114 1.05
DE-C*-1.0 (T1)  86.0 86.0 2435 86.0 523 292  0.89 A 2600 02 290.0 0.90
DE-D-1.0(T1) 2023  72.8 100.0 860 486 231 0.83 B 2200 02 2299 0.96
DE-Du-1.0 (T1) 2023  72.8 100.0 86.0 483 229 082 B 2130 02 2295 0.93
DE-Du-1.0 (T2) 2023  72.8 100.0 86.0 485 230 0.83 B 2220 02 2291 0.97
DE-D*-1.0(T1) 1272  63.5 114.7 86.0 514 259 0.89 B 2140 02 2109 1.01
DE-D*-1.0(T2) 1272  63.5 114.7 86.0 514 259 0.89 B 2030 02 2125 0.96
Mata-Falcén [12]  DEB-1.1(T1) 2225 1512 0.0 622 417 235 0.85 B 193.6 0.0 174.1 1.11
DEB-12(T1) 1335 1512 0.0 622 433 248 091 A 1458 0.0 125.9 1.16
DEB-12(T2) 1335 1512 0.0 622 433 248 091 A 1327 0.0 125.9 1.05
DEB-1.3(T1) 2225 622 0.0 622 416 235 0.85 B 121.1 0.0 1245 0.97
DEB-1.3(T2) 2225 622 0.0 622 416 235 0.85 B 133.0 0.0 1245 1.07
DEB-1.4(T1) 2225 1554 0.0 622 378 239 087 B 183.0 0.0 165.2 1.11
DEB-1.4(T2) 2225 1554 0.0 622 378 239 087 B 1704 0.0 165.2 1.03
DEB-1.5(T1) 1335 1554 0.0 622 393 251 092 A 1253 0.0 109.4 1.15
DEB-1.6 (T1) 4420 2945 0.0 107.0 324 199 071 A 3092 0.0 2803 1.10
DEB-1.6 (T2) 4420 2945 0.0 107.0 324 199 071 A 2509 0.0 2803 0.90
DEB-1.7(T1)  247.0 2945 0.0 107.0 361 226 082 A 1944 0.0 180.1 1.08
DEB-1.7(T2)  247.0 2945 0.0 107.0 361 226 082 A 188.8 0.0 180.1 1.05
DEB-1.8(T1) 3088  201.9 0.0 84.5 352 220  0.79 B 195.3 0.0 2111 0.92
DEB-1.8(T2) 3088  201.9 0.0 84.5 352 220  0.79 B 199.1 0.0 2111 0.94
DEB-1.9(T1) 1853 2019 0.0 84.5 377 238 087 A 1417 0.0 143.1 0.99



DEB-1.9 (T2)
DEB-2.1 (T1)
DEB-2.1 (T2)
DEB-2.2 (T1)
DEB-2.2 (T2)
DEB-2.3 (T1)
DEB-2.4 (T1)
DEB-2.4 (T2)
DEB-2.5 (T1)
DEB-2.5 (T2)
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