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A B S T R A C T

Reinforced Concrete (RC) discontinuity regions (D-regions), such as dapped ends, can represent vulnerable zones
in existing RC structures since they can exhibit a brittle failure mechanism. In common design practice, the
ultimate strength of D-regions is assessed through Strut and Tie (S&T) models. Current design codes recommend
two resistant mechanisms for dapped ends but do not provide information about the identification of steel bars
involved in the resistant mechanism when the reinforcement is formed by distributed bars. An experimental
campaign on dapped-end beams with various reinforcement layouts, including configurations without diagonal
bars or with one or multiple layers of diagonal bars, has been carried out at the Structures and Material Testing
Laboratory of the Department of Civil and Environmental Engineering in Florence. Results allow for identifying
the influence of different reinforcement layouts on the crack pattern at the Service Limit State (SLS) and on the
post-peak response. Both the strain on bars and the crack opening displacements are investigated until failure.
The work highlights that layouts with distributed diagonal bars reduce the crack widths at the SLS compared to
other configurations, increase the ductility, and allow for the timely detection of damaged dapped ends during in
situ inspections.

1. Introduction

Dapped ends (or half-joints) sustain suspended spans of reinforced
concrete (RC) bridges (Fig. 1) and determine an isostatic scheme,
avoiding the stress increase in case of foundation settlements or thermal
deformations. Half-joints represent critical zones, often affected by a
brittle failure, as observed in recent collapses [1,2]. Stress distribution is
influenced by the reinforcement layout, whose effect has been experi-
mentally investigated in [3–11]. It has been highlighted that three
failure modes mainly affect the collapse of dapped ends: the nib failure,
with a crack extending from the inner corner of the nib at an angle in-
clined to the longitudinal axis of the beam, the flexural failure of the
beam full-depth section, and a failure mode with cracks developing from
the bottom corner of the full-depth section [12,13]. Experimental tests
highlighted the significant impact on the resistance due to a proper
anchorage of the longitudinal reinforcing bars in the nib and the need to
provide enough hanger reinforcement. The importance of structural
details was underlined in [5,14], where specimens with an accurately
detailed reinforcement, such as the anchorage of the longitudinal

reinforcement at both the top and bottom of the beam, developed a
higher strength.

The beneficial effect of diagonal bars under service loads, because of
the reduction of the crack widths, was underlined in [12,13]; moreover,
specimens equipped with diagonal bars showed a higher ultimate
resistance [5,15].

In [16] it was observed that the crack pattern reduces as the first
vertical hanger reinforcement approaches the nib and the strength in-
creases with the reduction of the length-to-depth ratio of the nib. In [17,
18] it was highlighted that higher-strength concrete and low flexural
tensile reinforcement ratios ensure sufficient ductility.

The resistance of half-joints is usually estimated by S&T models [14,
19,20]. In [21] a method based on the kinematics, equilibrium and
constitutive relationships, whose accuracy was confirmed through the
investigation of a database of 47 tests, has been proposed. Nevertheless,
the method requires direct use of on-site measurable data and then ap-
pears difficult to apply in common practice. Within the work [22] the
authors developed a mechanism analysis method, based on the
upper-bound theorem of concrete plasticity, to predict the critical failure
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plane and the shear capacity of reinforced concrete dapped-end beams.
In [23] a model, capable of estimating the effective numbers of vertical
rebars involved in the resistant mechanism, has been developed. The
application of S&T models remains the method capable of better pre-
dicting the resistance of D-regions [24,25], nevertheless, conventional
S&T models, such as those given in the Eurocode 2 [26], are drawn for
half-joints with concentrated ties and require adjustments to be used for
predicting the load-carrying capacity of half-joints with distributed
reinforcement. Specific guidelines [27–30] have been developed for the
assessment of existing reinforced concrete dapped ends, through moni-
toring and investigation strategies considering the corrosion of rebars
[31,32], but do not provide an accurate method for estimating their
expected ultimate load capacity.

The effective resistance of half-joints can be well predicted by Finite
Element (FE) models, which showed satisfactory results even if limited
to previous experimentally investigated joints. In [4,33,34] numerical
models were developed to estimate the effect of strengthening works;
examples can be found in [8,19,35–37]. The drawbacks of FE models
remain the time-consuming and the lack of information on both me-
chanical properties and structural details, which usually characterize
existing structures in common practice.

In summary, literature studies indicate that the impact of rein-
forcement layouts can be significant, requiring potential adjustments to
common literature S&T models for correctly estimating the resistant
capacity of specific existing half-joints. Finally, experimental tests are
the most reliable tool for evaluating the actual capacity of half-joints.
Experimental data can then be utilized to refine the geometry of S&T
models, enabling accurate evaluation of the strength capacity also in the
presence of distributed reinforcement [11,38,39].

1.1. Aim of the work

Results of an experimental campaign, performed at the Structures
and Material Testing Laboratory of the Department of Civil and Envi-
ronmental Engineering of the University of Florence, are presented.
Investigated specimens are characterized by three different reinforce-
ment layouts. The tests are primarily aimed at identifying the influence
of reinforcement layout on the crack pattern, the distribution of forces in
steel rebars, and the post-peak response.

The paper is organized as follows. Firstly, the geometrical charac-
teristics and structural details of specimens are described. Then the test
setup, loading protocol and the mechanical properties of the materials
are presented. In the subsequent section, results are discussed high-
lighting how the load-carrying capacity of dapped ends is impacted by
different reinforcement layouts. The paper proceeds to highlight the
crack pattern until the failure and the influence of the reinforcement
layout on the post-peak structural response.

2. Experimental campaign

2.1. Investigated specimens

Three types (T1, T2 and T3) of full-scale RC dapped ends are tested.
The geometry and reinforcement layout are shown in Fig. 2 and iden-
tified in Table 1.

Two beams for each dapped-end type have been cast for a total of six
dapped-end beams; then, each dapped end has been labeled as follows:
Tα-βΔ, where: α = 1, 2, 3 denotes the dapped end; β = 1, 2 denotes the
absence (1) or presence (2) of strain gauges in some bars; Δ = A, B
distinguishes the two dapped ends of the same beam (left side or right
side).

A total of nine dapped ends are tested (Table 1). Type T1 includes
three specimens: in two of them (T1–1A and T1–2B) the bottom longi-
tudinal bars are provided with an anchorage steel plate, while in the
third specimen (T1–2A*) the anchorage plate is missing to evaluate its
influence on the structural response and failure mode. Type T2 includes
two specimens (T2–1A and T2–2A), while type T3 includes four speci-
mens (T3–1A, T3–1B, T3–2A, T3–2B).

All specimens were constructed using concrete of grade C25/30
(fck=25 N/mm2) and steel rebars of grade B450C (fyk=450 N/mm2).

For each beam of the types T1 and T2, tests were performed on one
dapped end, while the other dapped end of the same beam was tested
after strengthening it with a post-installed threaded bar. The results of
reinforced dapped ends will be presented in a companion paper. In
beams of type T3, tests were performed on both dapped ends of each
beam, as the high reinforcement density has made it impracticable to
install the reinforcing threaded bar.

Besides the vertical stirrups at 75 mm intervals, in specimens of type
T1 there are two 16 mm horizontal U bars; in specimens of type T2 there
are two 8 mm horizontal U bars and a couple of 12 mm diagonal bars
(Fig. 2), whose top ends are intentionally not vertically aligned with the
support of the nib, as is common practice; and in specimens of type T3,
there are four couples of diagonal bars (n.4 ×2Φ8) at 50 mm intervals
(Fig. 2). In all specimens there are two vertical Φ14 bars and the first
stirrup is always positioned 120 mm from them to account for the po-
tential presence of a cross beam (dashed area in Fig. 2). The three chosen
layouts resemble those of existing Italian bridges [2,32,38,40,41]
(Fig. 3).

2.2. Reinforcement dimensioning of specimens using Strut & Tie models
and a preliminary FE model

The reinforcement dimensioning of specimens was performed using
S&T models and a FE model. S&T models for dapped ends are shown in
Fig. 4. The first model (Truss 1) is taken from EC2, but with the
anchorage of the horizontal tie H1,1 modified according to Schlaich [44],
and can be used for the analysis of dapped ends equipped with vertical

Fig. 1. Identification of half-joints.
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and horizontal reinforcement. The second model (Truss 2), also taken
from EC2, is valid in the presence of diagonal reinforcement only.

In Truss 1 (Fig. 4) the vertical reinforcement is represented by one tie
(T1,1), as is the case of one bar only or more bars positioned in a narrow
band. If more vertical bars are distributed over a significant band, like in
T1 specimens, preliminarily the position and the cross-section of the
equivalent vertical tie T1,1(eq) should be identified. To this aim, an
iterative procedure can be used for T1 specimens, where initially Truss 1

includes only the first 14 mm vertical bars. Subsequently, Truss 1 is
modified to incorporate the first stirrup along with an additional in-
clined strut connecting the support and the top end of the second stirrup.
The procedure continues with adding other stirrups, one after the other,
until the force in the horizontal tie equals its yield strength ([23]),
provided the concrete does not crush prematurely. Under the assump-
tion that the yielding of reinforcement precedes the concrete crushing
and that the yield stress of steel holds fy = 500 N/mm2, the iterative

Fig. 2. Geometry and reinforcement layout of the three dapped end types.
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procedure based on Truss 1 provides an ultimate external load of 373 kN
for specimens of type T1.

For specimens of types T2 and T3, the reinforcement layout cannot
be directly associated with either Truss 1 or to Truss 2. This is due to the
simultaneous presence of vertical and diagonal bars on one side, and
distributed bars instead of concentrated bars on the other side. The
interaction between Truss 1 and Truss 2 is still an open issue, and their

linear combination may not provide a reliable estimate of the ultimate
capacity of dapped ends with both vertical and diagonal bars. Based on
this consideration, the reinforcement dimensioning for specimens of
types T2 and T3 was performed numerically using a nonlinear 2D finite
element (FE) model, which was first validated by verifying that it pro-
vided a resistance capacity for T1 specimens comparable to that deter-
mined with the S&T technique. The FE model (Fig. 5) was developed in
DIANA 10.6 [44], using 3831 plane stress elements and a 25 mm mesh
size. The total strain rotating crack model with elastic perfectly plastic
behavior in compression and zero tensile strength in tension was used.
To simulate longitudinal and transverse reinforcement, embedded truss
elements with perfect bond to concrete and a perfectly plastic behavior
were adopted. A vertical-axis roller was introduced under the nib and
under the beam, and a horizontal-axis roller was applied to the midpoint
of the load plate, to achieve an isostatic configuration. A mechanical
non-linear analysis under displacement control was performed until
failure, imposing a vertical displacement to the top of the load plate.

Table 1
Reinforcement of all specimens (unit of length: mm).

Specimen
type

Specimen
label

Stirrups
(two legs)

Diagonal
bars

U-
reinforcements

N. of
tests
#

T1 T1 − 1A
T1 − 2A*
T1 − 2B

Φ14 + Φ8/
75

// 2Φ16 3

T2 T2 − 1A
T2 − 2A

Φ14 + Φ8/
75

2Φ12 2Φ8 2

T3 T3 − 1A
T3 − 1B
T3 − 2A
T3 − 2B

Φ14 + Φ8/
75

2Φ8/50 2Φ8 4

* In specimen T1–2A* the bottom longitudinal reinforcement of the beam is
not provided with the anchorage steel plate.

Fig. 3. Examples of reinforcement layouts in dapped-end beams of existing
Italian bridges [42].

Fig. 4. a) S&T model suggested by EC2 for horizontal and vertical bars and modified according to Schlaich et al. [43] b) S&T model suggested by EC2 for diagonal
bars (ties in blue –struts in red).

Fig. 5. DIANA FEA numerical model.

Fig. 6. Specimen capacity curves estimated through FE numerical model.
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The following average values of the compression strength and secant
elastic modulus of concrete were assumed: fcm=fck+ 8 = 33 N/mm2,
Ecm= 22 (fcm/10)0.3 ≅ 31,500 N/mm2. The concrete tensile strength
was neglected. For the steel rebars, an average yield strength of 500 N/
mm2 and an elastic modulus of 200000 N/mm2 were adopted.

The numerical external ultimate load evaluated through the FE
model for T1 specimens holds 383 kN, which is only slightly higher than
the analytical value of 373 kN calculated with the modified Truss 1
model. The FE model was then used to determine the reinforcement
amounts for specimens of types T2 and T3 (Fig. 2) to achieve about the
same ultimate load of T1 specimens. Adopting the bar diameters
described above, the following values were obtained: 377 kN and
366 kN for T2 and T3 specimens, respectively. The numerical curves of
external load versus displacement at loaded point for all three specimen
types are shown in Fig. 6.

The finite element analyses were employed solely for the dimen-
sioning of the reinforcement and not for replicating the experimental
results. Therefore, they were not utilized for identifying the cracking
pattern and in general the damaged zones of the specimens, which was
beyond the aim of the paper. In the continuation of research, additional
FE models to simulate experimental results are being developed utilizing
more refined constitutive laws for concrete in compression and consid-
ering also its tensile strength. To this aim the average experimental
values of the mechanical parameters will be used, which were not
available at the time of designing the specimens.

2.3. Geometry of specimens and test setup

The overall length of each dapped-end beam is 4120 mm, with a
rectangular full-depth cross-section of 250 × 600 mm2 (Fig. 7). The
length of the nib is 200 mm, while its depth is set equal to 300 mm (half
of the full depth of the beam). All beams are cast adopting the same
longitudinal and transversal reinforcement layout of the full-depth
section, with a minimum effective concrete cover of 25 mm. Top and
bottom flexural reinforcements are oversized and provided along the full
length of the beam, to prevent flexural failure. Shear reinforcement
comprises Φ8 vertical stirrups placed at variable spacings (from 75 mm
to 150 mm, near and far from the dapped ends, respectively) and it is
designed to prevent the shear failure of the beam.

All beams are subjected to three-point non-symmetric bending,
under simply supported conditions (total span equal to 3000 mm,
Fig. 7). The vertical load is applied at 1100 mm (about one-third of the
beam span length) from the support of the tested dapped end using two
electromechanical actuators with a maximum load capacity of 350 kN
each. The distance (1100 mm) between the point of application of the
external load and the vertical support under the nib is equal to two times

the effective depth of the beam (550 mm) to avoid the formation of a
direct strut between the load plate and the support, as recommended in
[11,12,26,31].

The load F is transferred to the specimen through a rigid steel beam
HE 280 B (Fig. 7). Both supports, whether beneath the beam end or the
tested dapped end, are composed of a welded 50 mm diameter steel
cylinder. The reactions at the supports (F/3 beneath the beam end and
2 F/3 beneath the dapped end) are shown in Fig. 7. A Teflon pad is
placed between the loading device and the top surface to uniformly
distribute the load, preventing stress concentrations. The same is done
between the bottom surface and both supports by using 2 mm thick
Teflon sheets. The loading device and the structural setup are shown in
Fig. 8.

2.4. Mechanical properties

2.4.1. Concrete
The concrete composition mirrors the typical practices of concrete

production in Italy during the 1980s: 325 kg/m3 of cement type CEM
42.5 II/A-LL, a free water/cement ratio of 0.70, 300 kg/ m3 of siliceous
fine aggregates (0–2 mm), 540 kg/ m3 of limestone fine aggregates
(0–5 mm), 890 kg/ m3 of limestone coarse aggregates (5–30 mm) and
1.4 l/ m3 of fluidizing additive (SNF); the consistency class is S5.

The compressive strength of concrete is estimated through five uni-
axial compression tests on cylinder specimens (diameter x length= d x L
≈ 100 mm × 190 mm) according to EN 12390–3 [45]. The age of the
specimens, dimensions, weight, cross-section area, maximum load, and
strength (fc) are listed in Table 2. Compression tests provide an average
cylinder compressive strength fc ≈ 40.4 N/mm2 with a standard devia-
tion of 3.1 N/mm2 (Table 2). Note that the first compression tests were
executed after about three months from the cast of beams when tests on
dapped ends started.

The tensile strength is evaluated through five splitting tensile tests,
according to EN 12390–6 [46]. Results are listed in Table 3.

The average splitting tensile strength (fct) is 4.27 N/mm2 with a
standard deviation of 0.58 N/mm2, where the tensile strength for each
specimen is obtained as fct = 2Pmax

πLa , being Pmax the maximum load, L
[mm] the specimen length and d [mm] the diameter of the cylinder. The
concrete compressive strength has been also evaluated at a testing age of
320 days through compression tests on twenty-three core specimens
drilled from beams after completing tests on dapped ends. Results are
listed in Table 4 and allow for estimating an average cylinder
compressive strength fc ≈ 40 N/mm2 with a standard deviation of 3 N/
mm2. The average compressive strength of core specimens after more
than ten months from casting is nearly identical to that of cast specimens
tested after three months from casting (Table 5); the same holds for the

Fig. 7. Three-point non-symmetric bending test with identification of the reactions at external supports [mm].
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Fig. 8. Test setup. a) Frontal view b) Lateral view.

Table 2
Concrete mechanical properties estimated through compression tests on cylinder specimens.

Test Age Dimensions Weight Cross-section Maximum Load fc

[dd] d [mm] L [mm] [g] [mm2] [kN] [N/mm2]

1 96 100 192 3437 7854 294 37
2 98 100 191 3446 7854 298 38
3 98 100 191 3452 7854 302 38
4 271 100 193 3153 7823 352 45
5 272 100 192 3484 7823 340 43
Mean (µ) – Std (σ) µ = 40.4 - σ = 3.1
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Table 3
Concrete mechanical properties estimated through splitting tests on cylinder specimens.

Test Age Dimensions Weight Cross-section Maximum Load fct

[dd] d [mm] L [mm] [g] [mm2] [kN] [N/mm2]

1 96 100 190 3444 7854 130 4,34
2 96 100 191 3432 7854 98 3,27
3 96 100 191 3427 7854 132 4,38
4 247 100 194 3505 7854 141 4,61
5 247 100 193 3513 7823 143 4,75
Mean (µ) – Std (σ) µ = 4.27 - σ = 0.58

Table 4
Concrete compressive strength from compression tests on core specimens.

Test Age Dimensions Weight Cross-section Maximum Load fc

[dd] d [mm] L [mm] [g] [mm2] [kN] [N/mm2]

1 320 94 191 3004 6940 288 41
2 320 94 195 3027 6940 298 43
3 320 94 190 2974 6940 287 41
4 320 94 191 3006 6940 284 41
5 320 94 192 3012 6940 292 42
6 320 94 192 2999 6940 249 36
7 320 94 192 2987 6940 268 39
8 320 94 192 3017 6940 265 38
9 320 94 192 2987 6940 299 43
10 320 94 191 2979 6940 264 38
11 320 94 193 3012 6940 208 30
12 320 94 191 3017 6940 306 44
13 320 94 191 3004 6940 298 43
14 320 94 192 3003 6940 300 43
15 320 94 191 3015 6940 271 39
16 320 94 192 3014 6940 298 43
17 320 94 192 3023 6940 298 43
18 320 94 192 2991 6940 295 42
19 320 94 192 3003 6940 275 40
20 320 94 191 2996 6940 307 44
21 320 94 191 2987 6940 252 36
22 320 94 191 2998 6940 281 40
23 320 94 192 2994 6940 272 39
Mean (µ) - Std (σ) µ = 40 - σ = 3

Table 5
Concrete tensile strength from splitting tests on core specimens.

Test Age Dimensions Weight Cross-section Maximum Load fct

[dd] a [mm] L mm] [g] [mm2] [kN] [N/mm2]

1 320 94 93 1481 6940 60 4,36
2 320 94 94 1497 6940 67 4,81
Mean (µ) – Std (σ) µ = 4.27 - σ = 0.32

Fig. 9. : a) Loading protocol (σ-t) to estimate the concrete secant elastic modulus according to EN 12390–13 [47]. b) Picture of the specimen.
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average value of the tensile strength. These results validate the accuracy
in the casting of both beams and cylinder specimens.

The elastic modulus of the concrete is evaluated according to EN
12390–13 [47] (Fig. 9), where σa = fc/3, with fc= 40 N/mm2 the
average compressive strength on cubic specimens, σb in the range [10 %
fc÷ 15 % fc] and σa in the range [0.5 MPa÷ σb]. The average value of the
slopes of the last reloading branch of the stress-strain curves (σ-ε) gives
the concrete secant elastic modulus, which holds 29045 N/mm2.

2.4.2. Steel
The steel reinforcement is made of ribbed bars with a nominal yield

strength of 450 MPa and a ductility grade C (B 450 C). All bar diameters
used in the investigated dapped ends are considered. The results of the
uniaxial tensile tests are listed in Table 6 in terms of yield strength (fy),
ultimate strength (fu) and strain at maximum tensile force (Agt,av
measured according to the procedure established in ISO 6892–122 [48])
for each rebar nominal diameter adopted. The symbols µ and σ identify
the mean and the standard deviation of the experimental values,
respectively.

2.5. Loading protocol and instrumentation

The specimens are loaded under displacement control at a constant
stroke rate of 0.017 mm/s and are monotonically loaded beyond the
peak load. The structural response of the dapped ends is monitored by
arranging the instruments on both the right and left faces, along the
main rebars (Fig. 10). To measure the crack opening displacements,
linear variable differential transformers (LVDTs) are applied to all

specimens: in the diagonal (LVDT5, LVDT10 and LVDT 11, LVDT6),
horizontal (LVDT2, LVDT7), and vertical directions (LVDT3, LVDT8).
The distance between the instrumented points is identified in Fig. 10,
where the position of all LVDTs is also shown.

To measure the strains on the steel bars, strain gauges are applied on
some specimens (T1–2A*, T2–2A, T3–2A and T3–2B) before the casting.
The position of the strain gauges is shown in Fig. 11.

Three wire encoders (F1, F2 and F3) are fixed to the ground to
measure the vertical displacements (dF1, dF2 and dF3), respectively
(Fig. 12). Data acquisition is performed at a rate of 1 Hz by an electronic
measurement system connected to the loading machine. The measured
vertical displacement of the target point (dF2), at the bottom of the
loaded section, has been corrected to account for the displacements dF1
and dF3 of the external supports:

d = dF2 − dF13 = dF2 − (dF3 +Δv) = dF2 −
[

dF3 +
(
dF1 − dF3

l

)

a
]

The net vertical displacement d of the target point is then adopted to
draw the experimental load-displacement curves.

3. Results

3.1. Experimental results

The load-displacement curves are shown in Fig. 13 for all investi-
gated specimens. The maximum external load Pu and corresponding
displacement du are listed in Table 7 with a brief description of the
failure mode.

Table 6
Steel mechanical properties estimated through uniaxial tensile tests.

Test Nominal
Diameter

Initial
Length

Cross
section

Actual
Diameter

Yielding
Load

Ultimate
Load

Final
Length

fy fu Agl µfy µfu σfy σfu

[mm] [mm] [mm2] [mm] [kN] [kN] [mm] [N/
mm2]

[N/
mm2]

[%] [N/
mm2]

[N/
mm2]

[N/
mm2]

[N/
mm2]

d24a 24 100 440 24 228 282 113 504 624 13 504 625 0.0 0.5
d24b 24 100 442 24 228 283 112 504 625 12

d18a 18 100 264 18 135 164 112 512 621 12 511 622 0.7 1.0
d18b 18 100 264 18 135 164 114 511 623 14

d16a 16 100 197 16 106 125 111 538 631 11 539 631 1.1 0.5
d16b 16 100 198 16 107 125 110 540 632 10

d14a 14 100 152 14 81 97 112 534 634 12 536 632 2.3 2.1
d14b 14 100 152 14 82 96 111 538 630 11

d12a 12 100 112 12 62 74 108 554 660 8 548 655 5.9 4.5
d12b 12 100 111 12 60 73 109 543 651 9

d8a 8 100 51 8 25 30 — 496 602 - 498 602 2.0 0.9
d8b 8 100 51 8 25 30 109 500 603 9

Fig. 10. Identification of the length and position of the linear variable differential transducers (LVDTs) a) Front face b) Backside face.
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Fig. 11. Identification of the position of the i-th strain gauge (SG) a) Front face b) Backside face.

Fig. 12. : Specimen with identification of monitored displacements.
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Fig. 13. Load-displacement (P-d) curves for all specimens.

Table 7
Maximum load (Pu), displacement (du) and failure mode of all specimens.

Specimen
Type

Specimen label Maximum Load Pu [kN] Average of Pu Pu,avg [kN] Displacement du [mm] Failure Mode

T1 T1 − 2A* 289 289 5.03 slippage of the bottom
longitudinal reinforcement

T1 − 1A 358 362 7.20 yielding of
U reinforcement (2Φ16)T1 − 2B 365 7.54

T2 T2 − 1A 381 374 7.37 yielding of U reinforcement (2Φ8)
and diagonal bars (2Φ12)T2 − 2A 367 9.29

T3 T3 − 1A 360 365 6.66 yielding of U reinforcement (2Φ8)
and diagonal bars (6Φ8)T3 − 1B 386 7.84

T3 − 2A 333 8.44
T3 − 2B 380 8.03
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Values of the maximum external load (Pu), listed in Table 7, show
good repeatability in the tests, so the load-carrying capacity of speci-
mens of the same type can be approximated with the average value (Pu,
avg). Concerning specimens of type T3, the third specimen (T3–2A) un-
dergoes premature damage and exhibits a lower ultimate load Pu= 333
kN than the other three specimens of the same type, probably due to a
misalignment of the specimen T3–2A under the testing machine. Pic-
tures of the specimens after failure are shown in Fig. 14 for clearness.
The lesser load of 289 kN for specimen T1–2A* is due to the rebar
slippage phenomenon, which is prevented in specimens T1–1A and
T1–2B thanks to the additional anchorage plate at the end of the lon-
gitudinal bottom bars (Fig. 15).

The load-crack opening displacement (COD) curves are given in
Fig. 16 for LVDTs shown in Fig. 10.

The markers in each graph indicate the load levels at which the
pictures in Fig. 17 were taken (circle markers denote the following load
values: 100, 150, 250 and 350 kN, the triangular marker corresponds to
the maximum load).

The cracks start to develop from the inner corner of the nib, with an
orientation at about 45◦ from the horizontal for all specimen types (T1,
T2 and T3). Due to the slippage of the bottom longitudinal reinforce-
ment of the beam, the specimen T1–2A* shows a different failure mode,
characterized by a wide horizontal splitting crack, which extends diag-
onally upward at failure (Fig. 14).

The crack opening displacements are well identified for all speci-
mens at the average maximum load Pu,avg (Table 7); in specimens T2 and
T3, CODs also highlight the beneficial effect provided by diagonal bars
(Fig. 16). For those specimens, diagonal LVDTs (LVDT 6 and LVDT 1 and
LVDT 10 and LVDT 5) achieve high displacement before the collapse (≥
10 mm for specimens T3) and the load-displacement curves (P-d,
Fig. 13) show an almost horizontal post-peak response, differently from

specimens T1–1A and T1–2B. This is particularly evident in specimens
T3 for LVDT 2 and LVDT 7, that is for the horizontal crack opening
displacements, and can be explained with the presence of distributed
diagonal bars, differently from other specimen types. The diffused
cracks observed in specimens of type T3 could facilitate the timely
detection of damaged half-joints during in situ inspections.

For each type of specimens, Table 8 lists average values of the crack
opening displacements (COD) measured by LVDTs for different values of
the ratio of the applied load P to the maximum average load Pu,avg. For
specimens of type T1 experimental data are averaged from tests T1–1A
and T1–2B (T1–2A* is not considered due to the premature slippage of
bottom longitudinal bars), for specimens T2 data are averaged from both
tests T2–1A and T2–2A, and for specimens T3 data are averaged from all
four tests. Specimens T2 and T3 are characterized by reduced cracks at
service load compared to specimens T1 (P = 250 kN, Table 8), as shown
by lower displacements registered by diagonal LVDTs (LVDT 6 and
LVDT 1 and LVDT 10 and LVDT 5) before the ultimate load.

The load-strain curves of specimens T1–2A* , T1–2B, T2–2A, T3–2A
and T3–2B are drawn in Fig. 18 for the strain gauges shown in Fig. 11.
The values of crack opening strains (COS) are listed in Table 9.

For specimen T1–2A* , the external load increases up to 250 kN
when a splitting horizontal crack begins to open at the bottom longi-
tudinal bars of the beam and the diagonal crack is approximately
0.9 mm. For a load of 283 kN, the strain gauge SG3, placed on the
bottom of the U-bar (Φ16), reaches the yield strain (Fig. 18), while the
strain gauge SG2, located on the top of the same bar in the same cross-
section as SG3, remains in the elastic range. The different values of
strains in the top and bottom fibers of the bar cross-section suggest the
presence of a “dowel action” in the bar. At the maximum load of 289 kN,
the horizontal crack extends for 600 mm along the bottom bars (Fig. 15)
with a maximum width of 1.2 mm, then diagonally extends upward.

Fig. 14. Crack pattern observed in the softening branch.
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Regarding specimen T1–2B, the beneficial effect provided by the
anchorage plate, connected to the bottom steel bars of the beam, is
highlighted by a greater load-carrying capacity than specimen T1–2A* .
The load increases up to about 250 kN when a diagonal crack begins to
open (approximately at 45◦) starting from the internal corner of the nib.
At a load of about 360 kN, the crack extends to the concrete cover at the
top of the beam.

Regarding specimen T2–2A, the load increases up to about 100 kN
when a diagonal crack begins to open at the internal corner of the nib.
Once the load reaches about 323 kN, the U-shaped bar (Φ8) yields as
recorded by the SG3 strain gauge. At approximately 335 kN the diagonal
bar (Φ12) yields as monitored by SG2. At around a load of 337 kN, the
yield strength of the vertical bar Φ14 is achieved (see strain gauge SG1
results in Fig. 18). The load continues to increase to a maximum value of
approximately 366 kN. As the imposed displacement increases, the load
begins to decrease. At a vertical displacement of 11.95 mm, in the
softening branch, the first stirrup (Φ8) yields as confirmed by SG4.

Concerning specimen T3–2B, the load increases steadily up to
approximately 148 kN, when a diagonal crack begins to open at the
internal corner of the nib. The crack is inclined at 45◦ and its width
increases as the load increases. Once the load reaches about 296 kN, the
yielding at the diagonal bar is recorded by SG2 (Fig. 18). Subsequently,
at around 327 kN, the U-shaped horizontal bar (Φ8) yields as recorded
by SG3. The load continues to increase to a maximum of 379 kN.

In all types of specimens, strain gauges SG5 and SG6 are scarcely
activated, particularly in specimen T1–2A* and all four specimens of
type T3. An appreciable activation of the SG5 and SG6 strain gauges is
observed in test T2–2A, where the strain reaches 1.27‰ in the second

stirrup (SG5) and 0.11‰ in the third stirrup (SG6), while in test T1–2B a
strain of 1.06‰ is reached in the second stirrup and of 0.58‰ in the
third stirrup. However, all these values recorded by the strain gauges
SG5 and SG6 are lower than the value of the stirrup yield strain of 2.4‰.

4. Discussion

The maximum load recorded in experimental tests is similar for all
specimens (see Table 7) with an average of 367 kN and a coefficient of
variation V= 0.018. The premature damage due to the absence of the
anchorage plate of the bottom longitudinal bars for test T1–2A* involves
a lower maximum load (289 kN).

Fig. 20 shows the graphs of vertical and horizontal bar forces for all
tested specimens equipped with strain gauges. As strain gauges were not
active till the end of the tests, graphs were drawn until the strain gauges
worked. The notation for the selected bar forces is shown in Fig. 19. In
the graphs of vertical bar forces, the dashed line corresponds to the total
shear force on the nib Vnib, therefore the difference between the dashed
line and the upper continuous line represents the vertical force taken by
the concrete and dowel action of rebars.

The higher bar forces are recorded at the re-entrant corner. Initially,
in all tests, the shear force seems to be completely supported by the
concrete in tension, therefore the curves of vertical forces in the rein-
forcement are almost horizontal in the first branch. The test T1–2A* is
an exception because a crack was present in the specimen before the test
started, so the curves are linear from the beginning. As the load increases
and cracks form, the relative contribution of each force component
varies. For the specimens of type T1, the vertical force is mainly

Fig. 15. a) Failure mode of specimen T1–2A* with diagonal crack and identification of the slippage of the bottom longitudinal bars (yellow arrows). b) View of
specimen T1–2B in an upside-down position before launching (left) and on the testing machine (right): the arrow identifies the anchorage plate.
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Fig. 16. Crack opening displacement for all LVDTs shown in Fig. 10.
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Fig. 17. Crack pattern at different levels of the applied external load.
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Fig. 17. (continued).
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transferred by the vertical ϕ14 bars (Vφ14). As expected, the force on
stirrups is related to the diagonal crack growth, which starts at the re-
entrant corner and continues to grow crossing the stirrups, from the
closer to the farther.

In specimens of types T2 and T3, the greatest contribution to the
maximum shear force in the nib is given by the diagonal bars (see the
vertical component force Vdiag in Fig. 20).

The total force supported by rebars is almost equal to the shear force
acting on the nib, with very little difference between the dashed line and
the upper continuous line corresponding to the sum of the vertical forces
on rebars. This difference is greater for specimens T3–2A and T3–2B,
because the other three diagonal bars participated in the resistant
mechanism but were not equipped with strain gauges so their strains
were not measured.

In addition, Fig. 20 allows for identifying the number of stirrups
activated in the resistant mechanism, after the vertical ϕ14 bars (one
stirrup for specimens T1 and two stirrups for specimens T2 and T3).

In detail, in test T1–2A* , when a maximum support reaction force
Vnib of 183 kN is reached (see Fig. 20), the total force in the U-bars is
157 kN, the steel vertical forces are almost fully taken by vertical bars
φ14 (80 %) and for a limited amount by the first stirrup (5.2 %).

During test T1–2B, once the support reaction Vnib has reached the
value of 220 kN (see Fig. 20), the force in the U-bars stopped being
registered as SG3 went out of service (see also Fig. 18). Vertical bars ϕ14
carry approximately 77 % of the vertical reaction Vnib, with 14.6 %
carried by the first stirrup and 3.5 % by the second stirrup, while the
third stirrup is scarcely activated.

For test T2–2A, at a support reaction value Vnib= 208 kN, a total
horizontal force of 124.5 kN is carried by the reinforcement. This force is
divided into 46.7 % carried by the U-bars (58.1 kN) and 53.3 % carried
by the diagonal bar (66.4 kN). The proportions for the total vertical
reinforcement force of 200.3 kN are 33.1 % for the diagonal bar
(66.2 kN), 47.3 % for vertical bars ϕ14 (94.8 kN), 13.2 % for the first
stirrup (26.5 kN), 5.8 % for the second stirrup (11.6 kN), and 0.6 % for
the third stirrup (1.2 kN). At lower load levels, most of the vertical
reinforcement force is carried by the two vertical bars ϕ14 and the di-
agonal bars. The first stirrup does not provide a significant contribution
to the distribution of the overall vertical force until Vnib= 65 kN. The
second stirrup is activated at Vnib= 102 kN; at this load level, the crack
initiated at the re-entrant corner begins to propagate and crosses the
third stirrup.

For test T3–2A, at a support reaction value Vnib= 132.9 kN, a total
horizontal force of 61.9 kN is registered in the reinforcement. This force
is divided into 49.9 % carried by the U-bars (30.9 kN) and 50.1 % car-
ried by the first diagonal bar (31 kN). The proportions for the total
vertical reinforcement force of 76.5 kN are 40.4 % for the first diagonal
bar (30.9 kN), 46.4 % for the vertical bars ϕ14 (35.5 kN), 10.3 % for the
first stirrup (7.9 kN), 2.1 % for the second stirrup (1.6 kN), and 0.8 % for
the third stirrup (0.6 kN). At lower load levels, most of the vertical
reinforcement force is carried by the first diagonal bar and vertical bars
ϕ14. The first stirrup does not provide a significant contribution to the
distribution of the overall vertical force until Vnib= 73 kN. The second
stirrup is activated at Vnib= 86 kN.

During test T3–2B, once the support reaction Vnib reaches the value
of 212.7 kN, a total horizontal force of 100.4 kN is absorbed by the
reinforcement. This force is divided into 56.4 % carried by the U-bars
(56.6 kN) and 43.6 % carried by the first diagonal bar (43.8 kN). The
proportions for the total vertical reinforcement force of 145.1 kN are
30.0 % for the first diagonal bar (43.5 kN), 46.2 % for vertical bars ϕ14
(67.1 kN), 16.8 % for the first stirrup (24.4 kN), 7.0 % for the second
stirrup (10.1 kN), and 0.0 % for the third stirrup. At lower load levels,
most of the vertical reinforcement force is carried by the first diagonal
bar and vertical bars ϕ14. The first stirrup does not provide a significant
contribution to the overall vertical force until Vnib= 85 kN. The second
stirrup is activated at Vnib= 96 kN.

Results also suggest that thanks to the presence of diagonal bars
(specimens T2 and T3), a reduced crack pattern is registered under
service load and the load-displacement curves exhibit an appreciable
ductile horizontal branch, differently from specimens T1 (Fig. 13). The
average values of the crack opening displacements (CODs) measured by
LVDTs for different ratios of the applied load P are shown in Fig. 21 for
all specimens (T1 - T2 - T3).

Observing the crack pattern (Fig. 17), it is evident that the wider
cracks developed at the inner corner of the nib, and they are inclined at
about 45◦ (perpendicular to LVDT 1–6 and LVDT 5–10). Fig. 21 high-
lights that the CODs are reduced for specimens T2 and T3 under service
loads, in the range between 100 kN and 350 kN. At the same time, at the
average maximum load (Pu,avg), the crack opening displacements
(CODs) for specimens T3 - equipped with distributed diagonal bars -
increase and a greater ultimate displacement is reached.

5. Conclusions

An experimental campaign was conducted to evaluate the influence
of reinforcement layout on the structural performance of RC dapped
ends, focusing on the cracking pattern, the distribution of forces in steel
bars and post-peak behavior. All specimens have the same geometrical
dimensions and are made with the same materials. Three different
reinforcement layouts were chosen for comparison: Type 1 with only
horizontal U-bars and vertical bars; Type 2 with horizontal U-bars,
vertical bars, and one layer of diagonal bars; and Type 3, like Type 2 but
with four layers of diagonal bars. Once the reinforcement layouts were
established, the bar diameters were sized to guarantee about the same
load-bearing capacity for all three types of specimens, which were then
tested until failure.

The experimental failure load of specimens of type T1 is very close to
the value predicted using the S&T model, confirming that the modified
version of Truss 1 model can provide a reliable evaluation of the ulti-
mate load in dapped ends equipped with horizontal and distributed
vertical bars. Similarly, the experimental failure load of specimens of
types T2 and T3 is also very close to the numerical value predicted with
the preliminary FE model, although simple elastoplastic constitutive
laws for materials were used.

The experimental results allow for some interesting conclusions
about the force distribution among the steel rebars, the cracking pattern
and the post-peak behavior.

In all specimens, the first crack arises at the inner corner of the nib at

Table 8
Average values of crack opening displacements (COD) [mm] for several levels of
the external load (P) [kN].

Specimen P [kN] 100 150 250 350 Pu,avg (1)

T1 − 2A*
(one test)

P/Pu,avg 35 % 52 % 87 % \\ 100 %
LVDT 1 − 6 0,34 0,51 0,98 \\ 1,43
LVDT 2 − 7 0,17 0,25 0,47 \\ 0,66
LVDT 3 − 8 0,18 0,29 0,59 \\ 0,98
LVDT 5 − 10 0,27 0,41 0,79 \\ 1,14

T1 − 1A
T1 − 2B
(two tests)

P/Pu,avg 28 % 41 % 69 % 97 % 100 %
LVDT 1 − 6 0,03 0,45 1,08 3,50 4,36
LVDT 2 − 7 0,02 0,23 0,52 1,61 1,98
LVDT 3 − 8 0,00 0,08 0,46 2,30 3,05
LVDT 5 − 10 0,04 0,43 0,97 3,11 3,86

T2 − 1A
T2 − 2A
(two tests)

P/Pu,avg 27 % 40 % 67 % 94 % 100 %
LVDT 1 − 6 0,00 0,18 0,56 1,08 4,07
LVDT 2 − 7 0,00 0,11 0,31 0,55 2,30
LVDT 3 − 8 0,00 0,06 0,26 0,56 2,21
LVDT 5 − 10 0,01 0,17 0,49 0,91 3,41

T3 − 1A
T3 − 1B
T3 − 2A
T3 − 2B
(four tests)

P/Pu,avg 27 % 41 % 69 % 96 % 100 %
LVDT 1 − 6 0,02 0,10 0,38 1,98 6,22
LVDT 2 − 7 0,00 0,04 0,18 1,12 3,55
LVDT 3 − 8 0,00 0,03 0,17 0,99 3,32
LVDT 5 − 10 0,01 0,09 0,31 1,60 5,04

(1) Pu,avg(T1-2A*)= 289 kN - Pu,avg(T1)= 362 kN - Pu,avg(T2)= 374 kN - Pu,
avg(T3)= 365 kN

G. Menichini et al. Engineering Structures 322 (2025) 119043 

16 



Fig. 18. : Load-strain curves for all strain gauges (Fig. 11) with the identification (triangle) of the yielding strain.
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a load level corresponding to 30 % of the maximum load for T1 speci-
mens and 40 % of the maximum load for T2 and T3 specimens; in all
specimens the first crack is oriented at about 45◦ to the longitudinal axis.
In specimens of types T2 and T3 diagonal bars allow for the formation of
additional diagonal cracks, differently from specimens of type T1, where
only a secondary diagonal crack opens. In general, diagonal bars
enhance serviceability by minimizing crack width and slowing the rate
of crack development. Moreover, the load-displacement curves of T2
and T3 specimens exhibit an almost horizontal ductile post-peak branch,
particularly in specimens of type T3. The behavior of T2 and T3 speci-
mens in both the cracked and post-peak phase can surely facilitate the
timely detection of damaged dapped ends during in situ inspections.

Experimental results also highlight how the different steel rebars
contribute to the resistance of the specimens. In specimens of Type 1 the
two vertical bars ϕ14 carry approximately 77 % of the vertical reaction,
while the first stirrup carries about 15 %, the second stirrup carries only
4 %, and the third stirrup is practically unloaded. In specimens of Type
2, at low load levels, most of the vertical reinforcement force is carried
by the two vertical bars (ϕ14) together with the diagonal bars. As the
external load increases, a redistribution of forces occurs, involving the
first and second stirrups in the resisting mechanism. Near the failure

load, 47 % of the vertical force is carried by the two 14 mm bars, 33 %
by the diagonal bars, and 13 % and 6 % by the first and second stirrups,
respectively. In specimens of Type 3, at low load levels, most of the
vertical reinforcement force is carried by the first layer of diagonal bars
and 14 mm vertical bars. Approaching the failure load, 30 % of the total
vertical force in the reinforcement is carried by the first layer of diagonal
bars (43.5 kN), 46 % by vertical bars (ϕ14), 17 % by the first stirrup, and
7 % by the second stirrup, with the third stirrup remaining unloaded.

The distribution of forces among steel rebars confirms that a S&T
model where the hanger tie is formed by all vertical rebars grouped
together in their center of gravity is not appropriate, as expected,
because it does not consider the actual number of rebars involved in the
resistant mechanism. Strain gauge data clearly show that stirrups are not
loaded uniformly and the more distant from the nib are almost
unloaded.

In the continuation of the research, more refined non-linear finite
element models are being developed using the experimental values of
the material mechanical parameters, not available at the time of
dimensioning the specimens, to simulate the experimental load-
displacement curves, cracking patterns, damaged zones and post-peak
behavior, along with the distribution of forces in all steel rebars.

Table 9
Average values(1) of crack opening strains (COS) [‰] for several levels of the external load P [kN].

Specimen P [kN] 100 150 250 350 Pu,avg

T1 − 2A*
(one test)

P/Pu 35 % 52 % 87 % \\ 100 %
LVDT 1 − 6 0,64 0,96 1,83 \\ 2,65
LVDT 2 − 7 0,23 0,34 0,62 \\ 0,88
LVDT 3 − 8 0,37 0,58 1,17 \\ 1,95
LVDT 5 − 10 0,99 1,50 2,87 \\ 4,16

T1 − 1A
T1 − 2B
(two tests)

P/Pu,avg 28 % 41 % 69 % 97 % 100 %
LVDT 1 − 6 0,06 0,83 2,00 6,51 8,11
LVDT 2 − 7 0,03 0,31 0,69 2,15 2,64
LVDT 3 − 8 0,00 0,16 0,92 4,57 6,05
LVDT 5 − 10 0,14 1,57 3,51 11,32 14,05

T2 − 1A
T2 − 2A
(two tests)

P/Pu,avg 27 % 40 % 67 % 94 % 100 %
LVDT 1 − 6 0,01 0,33 1,04 2,01 7,57
LVDT 2 − 7 0,00 0,15 0,41 0,74 3,07
LVDT 3 − 8 0,00 0,12 0,52 1,11 4,38
LVDT 5 − 10 0,05 0,63 1,78 3,33 12,40

T3 − 1A
T3 − 1B
T3 − 2A
T3 − 2B
(four tests)

P/Pu,avg 27 % 41 % 69 % 96 % 100 %
LVDT 1 − 6 0,04 0,19 0,71 3,67 11,55
LVDT 2 − 7 0,00 0,05 0,24 1,50 4,74
LVDT 3 − 8 0,00 0,06 0,35 1,96 6,59
LVDT 5 − 10 0,03 0,31 1,11 5,83 18,34

(1) Average values of two LVDTs positioned on opposite faces - Pu(T1-2A*)= 289 kN - Pu,avg(T1)= 362 kN - Pu,avg(T2)= 374 kN - Pu,avg(T3)= 365 kN

Fig. 19. Identification of the forces label on rebars for all tested specimens with strain gauges.
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Fig. 20. Total forces in the vertical (left) and horizontal (right) bars for all tested specimens equipped with strain gauges.
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