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Structural Performance of RC Beams containing Tension-Only Nodes
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Abstract: Strut and Tie (S&T) models are used for the design of what are known as “discontinuity regions” in reinforced
concrete (RC) structures. Building codes such as ACI-318 and Eurocode 2 do not give information on the nodes that only connect

ties in S&T models (called TTT or tension-only nodes). However, their use is not explicitly prohibited in the design of RC

structures. In this work, a comparison between solutions which have been designed both considering and not considering TTT
nodes is evaluated. Four RC beams (designed with and without TTT nodes) were subjected to three-point bending. Experimental
results show that TTT nodes are a good design solution for special cases of discontinuity regions in RC structures. However, the
experimental campaign has proven that this type of node is more vulnerable to errors during construction than solutions designed

without TTT nodes.
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1. Introduction: Continuity and Discontinuity
Regions

Strut and tie (S&T) models (Schlaich et al. 1987) may be
used for the design in the ultimate limit state (ULS) of dis-
continuity regions [ACI-318 §23 (ACI Committee 318
2014) and Eurocode 2 §5.6.4(1) (CEN 2004)] in Reinforced
Concrete (RC) structures. The S&T method is based on the
lower bound plasticity theorem. As an unlimited number of
possible S&T models can be inserted into a discontinuity
region, a correct definition of the S&T model during the
design process is key for a good estimation of the load-
carrying capacity of the corresponding RC member (Kassem
2015; Choi et al. 2012).

The shear reinforcement calculated using S&T models or
beam theory is similar in the case of structural elements
which have a constant cross-section. Therefore, in these
cases, engineers do not make an explicit distinction between
continuity regions and discontinuity regions. Nevertheless,
this is not always the case. If shear reinforcement based on
the plain section hypothesis (beam theory) is designed, its
uniform distribution along the length of the member can lead
to failure, as in Fig. 1. In this example, the shear rein-
forcement should have been placed right at the point of
discontinuity, but this was not the case. It is clear that the
failure in Fig. 1 was due to a lack of reinforcement in a zone
that demanded concentrated reinforcement. It is likely that
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this failure would not have occurred if this D region had
been studied using a proper S&T model.

Nodal zones in a S&T model are a design idealization of a
more complex stress state in the regions where the demand is
concentrated, due to a change in the load path (Yun 2006).

Elements, such as the girder shown in Fig. 1, can be
designed using S&T models containing TTT nodes. A scale
model of the previous girder is shown in Fig. 2. Figure 3
shows two girders with two different solutions using S&T
models (considering and not considering TTT nodes, type A
and B specimens respectively), both girders have the
geometry shown in Fig. 2.

Several S&T models, compatible with both the geometry
and reinforcement, have been analyzed by authors but only
the ones represented in Fig. 3 are going to be considered in
this work. All of them satisfy the ACI (ACI Committee 318
2014) requirements on angles between struts and ties, the
length of the ties is at a minimum in order to avoid excessive
deflections, and in both of them, the yielding of the ties
happens before the failure of the struts.

2. Materials and Methods: Design with TTT
Nodes

Theoretically a S&T model could include TTT (or tension-
only) nodes, but the reality is that there are no specific
recommendations in structural codes for concrete, such as
ACI-318 (ACI Committee 318 2014) and Eurocode 2 (CEN
2004). Furthermore, there are few pieces of research and
documents like that of Bergmeister et al. (Bergmeister et al.
1993), that recognize the possibility of using TTT nodes in
the design of RC structures.
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Fig. 1 Failure due to lack of reinforcement.

In order to understand the behaviour of this type of node,
four specimens have been designed, tested and analyzed in
the Structures Laboratory of the University of Granada. The
geometry of the specimens is shown in Fig. 2. The speci-
mens were subjected to three-point bending (see Fig. 4).

Two specimens were designed using a S&T model that
includes TTT nodes (specimens A-I and A-II, see Fig. 3a)
and the other two were designed using a S&T model that
does not include TTT nodes (specimens B-I and B-II, see
Fig. 3b). The self-weight of each specimen was considered
in its individual design and, for the sake of simplicity, each
one was modelled as a punctual load acting on the upper
nodes of the model (see the grey arrows in Fig. 3). The
reinforcement layout and the location of the strain gauges are
indicated in Fig. 5. The yield strength of the steel bars used
in this work was experimentally determined from tensile
tests, with f, = 534.5 MPa. The compressive strength of
concrete was f; = 22.89 + 0.81 MPa for type A specimens
and f! =25.65+0.83MPa for type B specimens. The
nomenclature used for the strain gauges is as follows: A and
B indicate the specimens, ST and SL identify strain gauges
in stirrups and in longitudinal reinforcement, respectively.
Strain gauges placed into the bars in front of the specimen
are identified with 1 and the ones placed into the bars behind
are called 2 (see Fig. 5). The number after the last hyphen
corresponds to the number of each strain gauge. Both
specimens were designed to sustain a similar ultimate load,
according to ACI-318 (ACI Committee 318 2014) code,
type A specimens had 32% less steel in their weight than
type B specimens.

Specimens A-I and A-II are slightly different. The stirrup
corresponding to the TTT node 12 of specimen A-II (see
Fig. 3a) was positioned 1.8 cm from the change of direction
of the bent longitudinal bars. This node is called “defective
TTT node” hereafter. However, specimens B-I and B-II are
identical.

3. Results and Discussion

3.1 S&T Model

The width of struts was computed following AASHTO
prescriptions (AASHTO 2012) and the structural capacity of
struts, ties and nodes was computed according to ACI-318
(ACT Committee 318 2014) (see Appendix). According to
ACI-318 (ACI Committee 318 2014), if more than three
forces act on a nodal zone it can be assumed that all of them
act through the same point or, alternatively, some of them
can be resolved to form three intersecting forces. Due to the
high value of the angles between the axis of the truss
members of both S&T models proposed in Fig. 3, the first
option has been adopted in this work.
Pyieia seris the load at midspan that causes first yielding in
any nodal region, strut or tie, which has been obtained from
the S&T analysis which takes the actual yield strength of
steel into account. For the models represented in Fig. 3,
Pyiciaseris 74.5 kN for type A specimens and 71.6 kN for
type B specimens. In the case of type A specimens, Pycq 541
corresponds to the yielding of the tie between the nodes 7
and 10 (see Fig. 3a). In the case of type B specimens, the
value of P,y ser corresponds to the yielding of the tie
between the nodes 5 and 8 and its symmetrical counterpart
(the tie between the nodes 10 and 14), see Fig. 3b.

3.2 Experimental Results

As Py;oq 547 the experimental yield load Pyercxp 0of €ach
beam corresponds to the load leading to the first yield at a
tie, strut or nodal zone. The experimental value of Py;c exp
was determined using the data recorded by the strain gauges
located at the tie that first yielded during the tests (with the
yielding of the tie having happened prior to the failure at any
strut or nodal region). The values of P,y ey, are summa-
rized in Table 1 for each beam tested.

Positioning the stirrup wrongly (in this case, a displace-
ment around 20 mm) in the TTT node provoked a reduction
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Fig. 2 Geometry of the RC beam (dimensions in m).
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Fig. 3 Girder with geometrical discontinuity a solved considering TTT nodes, b solved not considering TTT nodes. The grey
arrows correspond to the self-weight of the beam and load P corresponds to the applied load.

Fig. 4 Test setup.

in the yield load of the beam of around 18% (see Table 1).
Specimens A-I, B-I and B-II had a similar Py;cg v, €ven
though 32% in the weight of reinforcing steel was saved in
the case of A-I compared with type B specimens.

As was expected, the yield loads estimated using the S&T
models were slightly lower than the corresponding experi-
mental results (see Table 1) in all cases except for specimen
A-II (the specimen with the defective TTT node). The
accuracy of the yield load obtained from the S&T models

presented in Fig. 3 depends on how well they represent the
internal stresses of the tested beams. Results corresponding
to specimen A are closer to the experimental ones than those
of specimen B, meaning that the first model more accurately
represents the internal behavior of the beam.

As the applied load increases, the internal stresses of the
beam change. The appearance of load transfer mechanisms
different from those considered in the S&T models presented
in Fig. 3 could explain the difference between analytical and
experimental values.

Load versus midspan deflection curves obtained from the
specimens tested are shown in Fig. 6. At midspan, Specimen
A-I developed a higher deflection than type B specimens
under the same load. Nevertheless, it is evident that the
difference between the deflections of A-I and type B speci-
mens is small (less than 2 mm throughout the whole test).

Figure 7 shows the recorded strain at the positions of some
representative strain gauges as a function of the load applied
for the tested specimens. The yielding of the reinforcement
for both type A specimens started at the tie between the
nodes 7 and 10 (strain gauge A-SL2-3). However, the
yielding of the reinforcement for both type B specimens
started at the tie between nodes 10 and 14 and almost
simultaneously at the tie between nodes 5 and 8 (strain
gauge B-SL2-3). Both experimental results coincide with the
predictions from the S&T models.
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Fig. 5 Reinforcement layout and location of strain gauges. a Type A specimens. b Type B specimens.

Table 1 Summary of test results.

Specimen Pyiciasar Picid,exp
A-1 74.5 84.5
A-T1? 74.5 69.6
B-I 71.6 88.4
B-II 71.6 86.6

“Defective TTT Node.

100 1

Load (kN)

04 : : : : : .
0 2 4 6 8 10 12

Deflection (mm)

Fig. 6 Load—midspan deflection curves of type A and B specimens.
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Fig. 7 Measured strains as a function of the load applied. a Specimen A-l. b Specimen A-Il. ¢ Specimen B-I. d Specimen B-Il. The

position of each gauge is indicated in Fig. 5.
4. Conclusions

The main structural codes, such as ACI-318 and Eurocode
2 do not provide design guidelines for TTT nodes. Four RC
beams with varying cross-sections designed using S&T
models including (A-I and A-II specimens) and not includ-
ing (B-I and B-II specimens) tension-only nodes were sub-
jected to three-point bending in the Structures Laboratory of
the University of Granada.

Experimental results showed that elements including TTT
nodes are more vulnerable to errors during construction than
models that do not include TTT nodes. Specimen A-II (with
a defective TTT node) had a 18% reduction of the yield load

compared with specimen A-I (without a defective TTT
node).

Specimen A-I had a yielding capacity similar type B spec-
imens (with even a saving of 32% in the weight of steel).

Two S&T models, both considering and not considering
TTT nodes were proposed to predict the yielding capacity of
A and B specimens in Fig. 3. Both the yielding capacities
and the failure modes obtained from S&T models and
experimental tests were in reasonable correlation.

Tension-only nodes can be considered in the design of
discontinuity regions in RC members in some cases (like the
one presented) but a more exhaustive control during the
construction procedure is required.
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Appendix A.1: Check of Strut and Tie
Strength

Member dimensions, stress limits and the quantity of
reinforcement provided are presented in Table 2 for both the
S&T models considered in this work. For the sake of sym-
metry, only one half of the truss members are included in
Table 2. The node numbers and the location of nodes in this
table correspond to those previously defined in Fig. 3.

Appendix A.2: Check of Nodal Zones
The strength capacity of some representative nodal zones
has been computed and summarized in this Appendix.

Specimen B, Nodal Zone 9 (CCC Node), Fig. 8

The effective compressive strength of concrete at face of a
nodal zone f.. has been computed using the following
expression according to ACI-318 (ACI Committee 318 2014):

foe = 0.858,f" (A-1)

In the case of a nodal zone bound by struts, bearing areas
or both (CCC nodes), 5, = 1 and f,, = 21.80 MPa. The
widths, wy, and stresses, f,, in each truss member shown in

Fig. 8 are as follows:
Ws6-9 = Ws9—11 = 80 mm (A-2)

Wsg—9 = Wyo_10 = I sin(a) + A, cos(or) = 127 mm

(A —=3)
Fyo_11
fio—9 = Fso_11 = = 6.49 MPa <21.80 MPa
bwg_1;
(A—4)
Fyo_10

fis—o = Fy_10 = =2.76 MPa<21.80 MPa
bwso_19

(A—5)

Table 2 Member dimensions, stress limits and reinforcement provided for both the S&T models presented in Fig. 3.

Specimen A Specimen B
End nodes Type Design D/C End nodes Type Design D/C
details details

1 2 Strut 64 (2) 0.5 1 2 Strut 64 (2) 0.43
1 3 Tie 2 $12 0.35 1 3 Tie 2¢12 0.34
2 3 Tie Stirrup ¢ 8 0.71 2 3 Tie Stirrup ¢ 8 0.68
2 4 Strut 80 0.30 2 4 Strut 80 0.26
3 4 Strut 64 (4) 0.50 3 4 Strut 64 (4) 0.43
3 5 Tie 2¢ 12 0.69 3 5 Tie 2¢ 12 0.67
4 5 Tie Stirrup ¢ 8 0.78 4 5 Tie Stirrup ¢ 8 0.68
4 6 Strut 80 0.58 4 6 Strut 80 0.52
4 7 Strut 78 (4) 0.04 5 6 Strut 64 (6) 0.43
5 7 Tie 2¢ 12 0.78 5 8 Tie 2¢ 12 1.00
6 7 Strut 96 (6) 0.01 6 7 Tie 2 Stirrups ¢ § 0.97
6 8 Strut 80 0.58 6 9 Strut 80 0.50
7 8 Strut 98 (7) 0.32 6 8 Strut 83 0.52
7 10 Tie 2412 1 7 8 Strut 98 0.98
8 9 Strut 98 0.27

7 12 Tie 2¢12 0.44

Notes Design details: Strut lesser width at each end of the strut in mm (node with lesser width), zies number and size of bars ¢ = diameter of

the bars); D/C ratio of demand/capacity.
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Fig. 8 Nodal zone 9 in type B specimen.

As can be seen in Eqs. A-4 and A-5, the stress at any face
of the nodal zone is lower than f_.

Specimen A, Nodal Zone 1 (CCT), Fig. 9

In the case of a nodal zone anchoring one tie 5, = 0.8 and
fee = 15.57 MPa (Eq. A-1), the widths, w,, and stresses, f,,
in each truss member shown in Fig. 9 are as follows:

Ws1—2 = Ip sin(at) + hy cos(or) = 90 mm (A-6)
Wi -3 = 58 mm (A — 7)

Fo-2
Fa_» =3 =4.21MPa<15.57MPa (A —38)

Ws1-2

E? 1-2
é a
’
e 4
s 4
S 2l o
= t1-3
[, =70 mm
Fig. 9 Nodal zone 1 in specimen type A.
A
Ft4-5

Frs

= 4.84 MPa<15.57 MPa
bwi_3

(A-9)

t1-3 —

As can be seen in Egs. A-8 and A-9, the stress at all of the
nodal zones is lower than f..

Specimen B, Nodal Zone 5 (CTT node), Fig. 10

In the case of a nodal zone anchoring one tie 5, = 0.6 and
fee = 13.08 MPa (Eq. A-1). The widths, wy, and stresses, f,,
in each truss member shown in Fig. 10 are as follows:

Fi;5 <

W35 = 58 mm (A — 10)
Fu_

Wigs = 1;;,5:19mm (A—11)

Wys—¢ = I sin(a) = 642 sin(o) = 97 mm (A—12)

wis—g = 80 mm (A —13)
Fs

fir_s = —5—> = 9.29MPa< 13.08 MPa (A —14)
bwp_s
Fu_

fius =22 = 13.08 MPa (A—15)
bwy_s
Fgs 6

fis_e = —2° = 3.72 MPa<13.08 MPa (A —16)
bwgs_s
Fis_g

Jis-g = = 10.08 MPa < 13.08 MPa (A—17)
bwis_g

Fv 5-6
> Ft5-8

Fig. 10 Nodal zone 5 in specimen type B.

International Journal of Concrete Structures and Materials



As can be seen from Eqs. A-14 to A-17, the stress at all of
the nodes is lower than f;.. The width of the tie between
nodes 4-5 has been computed considering the yielding of the
tie (for this reason f;4.5 = f;.). This is a limit value; the width
of the tie can increase (it is not limited by the boundary of
the section), and consequently is f4.5 < fee.

Specimen A, Nodal Zone 5 (TTT node)

In order to properly design the TTT node, the ties in node
5 should comply with the anchorage details given in §8.5(2)
of Eurocode 2 (CEN 2004). Accordingly, it can be con-
cluded that the structural safety of TTT nodes is assured if
deformation of the ties that converge at a node does not
reach the yield strain.
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