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ABSTRACT: The load transfer in connections between concrete structural members 
often strongly relies on the bond along the anchorage of the reinforcement. Therefore, the 
bond characteristic between reinforcing bars and concrete can have a significant influence 
on the specific deflection and cracking of the entire structure. 

In case of a seismic event, the structure and thus the main reinforcement is cyclically 
loaded. At the same time, cracks along the reinforcement anchorage open and close due 
to the cyclic response of the structure. Both, cyclic loads and cyclic cracks progressively 
damage the bond strength. 

As first part of a more comprehensive research program on seismic behaviour of column-
to-foundation connections with post-installed reinforcing bars, the effect of simultaneous 
load and crack cycling was experimentally investigated in simulated seismic tests, at the 
Laboratory of the University of Stuttgart, to determine a bond stress-displacement model. 

1 INTRODUCTION 

1.1 Motivation 

Seismically induced cyclic loading of the total structure is causing cyclic loading of the reinforcing 
bars and cyclic variation of the crack widths in the concrete. When dealing with connections, e.g. 
column-to-foundation connections, cyclic load and cyclic crack act simultaneously at the same 
location. This phenomenon is most pronounced at post-installed anchorages due to the absence of 
anchorage hooks and confining reinforcement. Figure 1 shows this situation schematically. 

 

 

 

 

 

 

 

 
Figure 1. Schematic illustration of a column-to-foundation connection with a short, straight anchorage length 
typical for post-installed reinforcing bars: Cyclic loading of the longitudinal reinforcement of the column and 
cyclic variation of the crack width in the concrete foundation for loading (a) and reversed loading (b). 
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Depending on the design code, the anchorage length of a straight bar is specified as up to 55 times the 
bar diameter for seismic load cases, allowing sufficient redistribution of bond stress if the bond is 
locally damaged by load and crack cycling. In praxis, engineering judgement on a case by case basis is 
used to justify reduced anchorage lengths for post-installed bars, often being inevitable due to the 
limited concrete member depth.  

The long-term aim of current research is to understand and to develop models for the load transfer 
mechanism in column-to-foundation connections subject to cyclic loads and cyclic cracks. Numerical 
simulations of column-to-foundation connections subjected to seismic excitation will help to achieve 
this aim. This, in turn, requires an applicable bond model. 

The research is divided in three phases: the research objective of Phase I, whose results are presented 
in this paper, was to validate or modify an existing bond stress-displacement model describing the 
local bond behaviour between reinforcing bar and concrete. Phase II consists of large scale column-to-
foundation connections tests and Phase III the numerical simulation of the same tests. The research is 
jointly performed at the University of Stuttgart, Germany and the University of Canterbury, 
Christchurch. 

1.2 Background 

The influence of cyclic load has been investigated substantially, showing e.g. in (Monti et al. 1993) 
that the behaviour of various reinforced concrete applications can be predicted by numerical 
simulation based on the model proposed in (Ciampi et al. 1982). 

The bond stress-displacement relation for cyclic loads on reinforcing bars is defined in (Ciampi et al. 
1982) by a model as shown in Figure 2(a). The ultimate bond stress of each cycle n is denominated 
τ1(n). The damage parameter 
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is introduced to describe the damage on the bond. The magnitude of the damage parameter depends on 
the energy hysteresis. It can be estimated according to (Eligehausen et al. 1983) by 
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with the tuning parameters 

2.11 =a , 1.12 =a .  (3) 

E is the dissipated energy. E0 is the energy consumed under monotonic loading which is used to 
normalize the exponent. Figure 2(b) depicts the damage function schematically. 

 

 

 

 

 

 

 

 

 

 
Figure 2: Model for the bond stress-displacement relation (a), damage parameter d and reduction parameter Ω as 
a function of the relative consumed energy (b) after (Eligehausen et al. 1983). 
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The bond deterioration is reflected in the bond stress-displacement relation by reduced load-
displacement curves which are continuously adjusted during the cycling. The approach made in 
(Ciampi et al. 1982) is to define the reduced load-displacement curve as the virgin load-displacement 
curve of the monotonic reference test factorized by Ω = 1 – d. The reduction parameter Ω as a function 
of the relative consumed energy E/E0 is shown schematically in Figure 2(b). 

Though different testing conditions, e.g. number of cycles and peak displacement values, result in 
different bond deterioration per cycle, the deterioration can be described by the same function. Thus, 
this approach predicts the deterioration of bond under generalized excitations for standard bar 
diameters and concrete strengths. However, the bond model is not yet verified for crack cycling. Such 
a situation exists in joints, e.g. column-to-foundation connections, as explained above. 

1.3 Research Significance 

A bond model validated for simultaneous load and crack cycling allows sound numerical 
investigations on concrete anchorages with reinforcing bars. Thus, strut-and-tie models can be 
validated to justify a reduction of the anchorage lengths. This will increase also the range of 
application for post-installed reinforcing bars, e.g. for seismic retrofit measures. 

2 EXPERIMENTS 

2.1 Research Approach 

In reality, bond stress τ and crack width ∆w vary along the anchorage length. When analyzing the 
bond stress-displacement relation at element level both, bond stress τ and crack width ∆w are 
approximately constant. This assumption is considered to be valid up to a bond length of five times the 
reinforcement bar diameter db with which the tests were carried out. 

Each test consisted of two phases. Phase I, crack and load cycling: The reinforcing bar was cyclically 
loaded displacement-controlled within the peak displacements smax and smin = – smax. In parallel the 
crack was opened and closed cyclically between ∆wmax and ∆wmin. Phase II, pull-out: To determine the 
residual load capacity, the crack was opened to ∆wmax and the reinforcing bar pulled out.  

The diagram in Figure 3(a) depicts ∆w and τ as a function of s, reflecting the above explained 
idealization that the crack opens parallel to the tension loading of the reinforcing bar and closes 
parallel to the compression loading of the reinforcing bar. To establish a base line for reference, the 
test program also included tests on cyclically loaded reinforcement bars in constant cracks, yielding a 
diagram as shown in Figure 3(b). 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Test scheme of cyclic load tests with cyclic cracks (a) and constant cracks (b). 
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2.2 Test Program 

The majority of test series were carried out on reinforcing bars diameter db = 16mm. To determine the 
influence of the bar diameter, three series with bar diameters db = 12mm and db = 25mm were carried 
out. All reinforcing bars were cast in concrete with a nominal strength of fc’ = 20MPa. 

Three different maximum crack widths ∆wmax were tested: A hairline crack width of ∆wmax = 0.1mm, a 
medium crack width of ∆wmax = 0.4mm and a crack width of ∆wmax = 0.8mm. The minimum crack 
width ∆wmin was defined by compressing the test member with a stress equivalent to 15% of the 
concrete compressive strength. The bond strength remains almost constant even if the confining 
pressure is further increased (Lowes et al. 2004). 

Two multiples of the displacement su at the ultimate load of the monotonic reference test, 0.5su and 
1.0su, were applied as peak displacements smax = – smin. Table 1 comprises the test program. 

Table 1. Test program. 

Series name Number 
of tests 

∆wmax 
[mm] 

db 
[mm] 

smax 
= – smin 

Testing 
condition 

w0.1-d16-f20-s0.5-cyc 2 0.1 16 0.5su cyclic crack 

w0.1-d16-f20-s0.5-con - 0.1 16 0.5su constant crack 

w0.1-d16-f20-s1.0-cyc 2 0.1 16 1.0su cyclic crack 

w0.1-d16-f20-s1.0-con 2 0.1 16 1.0su constant crack 

w0.4-d16-f20-s0.5-cyc 2 0.4 16 0.5su cyclic crack 

w0.4-d16-f20-s0.5-con 2 0.4 16 0.5su constant crack 

w0.4-d16-f20-s1.0-cyc 2 0.4 16 1.0su cyclic crack 

w0.4-d16-f20-s1.0-con 2 0.4 16 1.0su constant crack 

w0.8-d16-f20-s0.5-cyc 2 0.8 16 0.5su cyclic crack 

w0.8-d16-f20-s0.5-con 2 0.8 16 0.5su constant crack 

w0.8-d16-f20-s1.0-cyc 2 0.8 16 1.0su cyclic crack 

w0.8-d16-f20-s1.0-con 2 0.8 16 1.0su constant crack 

w0.4-d12-f20-s0.5-cyc 2 0.4 12 0.5su cyclic crack 

w0.4-d12-f20-s0.5-con 2 0.4 12 0.5su constant crack 

w0.4-d25-f20-s0.5-cyc 2 0.4 25 0.5su cyclic crack 

w0.4-d25-f20-s0.5-con - 0.4 25 0.5su constant crack 

2.3 Test Setup 

The bars were debonded at top and bottom, and cast-in in a horizontal position (Fig. 4, Detail). The 
debonding did not affect the stress distribution and made a slip of the rebar along the bond free length 
possible. The debonded length and the bonded length have been 5db at tests with bars diameter 16mm. 
For tests with bars diameter 12mm, the debonded length have been increased, for tests with bars 
diameter 25mm reduced accordingly. 

Each member (dimension 600/400/240 (L/W/H)) was reinforced by stirrups and longitudinally placed 
high strength tie rods protruding at both ends (Fig. 4). Two pilot holes and two thin metal sheets were 
provided in the centre at both sides to aid the crack formation. The tie rods were debonded at both 
sides of these crack inducers, to enable large cracks. 
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Figure 4. Geometry of concrete member. 

After placing the concrete test member on a sliding support, the tie rods were connected with a fixed 
bearing at one side and with the member loading actuator at the other side. Next, a loading fixture was 
attached to the reinforcing bar, and the supports for the reinforcing bar loading actuator were placed 
on the member. The servo control system used the input signal of an LVDT measuring the crack width 
to control the forces applied on the concrete member and the input signal of an LVDT measuring the 
reinforcing bar displacement at the unloaded end to control the forces applied on the reinforcing bar 
(Fig. 5). A detailed description of tests with cyclic cracks can be found in (Mahrenholtz et al. 2011). 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Schematic side view of test setup. 

2.4 Results and Evaluation of Experiments 

Figure 6 depicts the damage factor d versus normalized dissipated energy E/E0 for all tests on 
reinforcing bar diameter 16mm. For better readability, only the values after the first, the fifth and the 
tenth cycle are given.  
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load cycling for different testing conditions are drawn in Figure 6: The analytical approach after 
(Eligehausen et al. 1983) expressed by Equation (2) is indicated by a solid line. In (Simons 2007) 
different tuning parameters for Equation (2) were suggested, i.e. a1 = 1.2 and a2 = 0.5 for cyclic loads 
in uncracked concrete, indicated by a dash-dotted line, and a1 = 1.5 and a2 = 0.25 for cyclic loads in 
cracked concrete, indicated by a dashed line. 
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Figure 6. Damage factor d vs. normalized energy dissipation E/E0, triangles indicate tests in crack width 
∆wmax = 0.1mm, circles tests in crack width ∆wmax = 0.4mm, and squares tests in crack width ∆wmax = 0.8mm. 

The following basic findings can be derived from Figure 6: 

• The damage behaviour can be described for tests with both, constant and cyclic cracks, by 
Equation (2) with tuning parameters a1 = 2.5 and a2 = 1.0 which is indicated as a dotted line in 
Figure 6, predicting a larger damage progression compared to the other analytical descriptions. 

• The damage factor d follows roughly the same curve for all tests carried out within the tests 
program given in Table 1, irrespective of the testing parameters smax, db and ∆wmax. 

• In the contrary, the bond deterioration evaluated for the tests in constant cracks carried out 
within the tests program given in Table 1 and predicted according to (Simons 2007) for the 
same testing condition is different. However, the prediction of the bond damage for tests in 
uncracked concrete according to (Eligehausen et al. 1983) (solid line) and (Simons 2007) 
(dash-dotted line) is also different. 

It may be reasonably assumed that these differences are caused by the geometry and material 
properties of the specific reinforcing bars and concrete. In addition, the state of stress of the concrete 
surrounding the reinforcing bar has an influence on the bond resistance. The state of stress depends on 
the test setup, e.g. relative dimensions of test member, loading conditions and generation of crack. 

In the following, the influence of crack width, peak displacement and bar diameter is explained. 
Figures 7(a) to (d) depicts the influence of various values for the peak displacement and maximum 
crack width. A comparison of Figures 7(a) and (b) with Figures 7(c) and (d) illustrates that the energy 
consumption and thus the damage is larger for larger peak displacements. Further, the bond damage is 
increasing with larger crack widths. This effect is more pronounced in cyclic cracks (Fig. 7(a) and (c)) 
than in constant cracks (Fig. 7(b) and (d)).  

In general, the energy consumption is higher in cyclic cracks (Fig.e 7(a) and (c)) compared to the 
energy consumption in constant cracks (Fig. 7(b) and (d)). This illustrates that the bond degradation 
progress in cyclic cracks is more pronounced than in constant cracks. 
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Figure 7. Influence of peak displacement smax and crack widths ∆wmax on damage factor d vs. normalized energy 
dissipation E/E0 for tests in cyclic cracks (a), (c) and constant cracks (b), (d). 

Figures 8(a) and (b) clearly show that the influence of reinforcing bar diameter on the damage factor is 
statistically insignificant for the tested range between 12mm and 25mm. This is true for both the bond 
deterioration due to cyclic load in cyclic cracks (Fig. 8(a)) and constant cracks (Fig. 8(b)). It can be 
assumed that also the influence of bar diameters larger and smaller than tested so far will be small. 

Further, it can be seen that the bond deterioration progresses in cyclic cracks more pronounced than in 
constant cracks. 

 

 

 

 

 

 

 

 

 

 
Figure 8. Influence of reinforcing bar diameter db on damage factor d vs. normalized energy dissipation E/E0 for 
tests in cyclic cracks (a) and constant cracks (b). 
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3 CONCLUSIONS 

The cyclic load tests on reinforcing bars in cyclic cracks and constant cracks resulted in very different 
load-displacement curves which is schematically illustrated by Figure 3(a) and (b). However, the 
approach to describe the deterioration of bond resistance by the hysteresis energy proved to be 
applicable also in case of crack cycling which is characterized by a more pronounced damage. Further, 
identical tuning parameters a1 = 2.5 and a2 = 1.0 can be used to predict the observed damage 
irrespectively to the rebar diameter, peak displacement, crack width, and condition of concrete 
(uncracked, cracked, cyclic cracked concrete). 

The general applicability of the analytical approach has been shown by (Eligehausen et al. 1983) for 
various displacement histories and various bond conditions for standard bar diameters and concrete 
strengths. According to (Simons 2007), the analytical approach is also well predicting the bond 
deterioration of post-installed reinforcing bars. The tuning parameters a1 and a2 determined therein for 
an epoxy mortar and a hybrid mortar have been identical to those for cast-in reinforcing bars. 

Therefore, it is assumed that the analytical approach is generally providing sufficient accurate results 
for standard bar diameters and concrete strengths and for reinforcing bars post-installed with epoxy 
mortars and hybrid mortars even if cyclically opening and closing cracks accelerate the damage on the 
bond. 

4 OUTLOOK 

As Phase II of the collaborative research project between the University of Stuttgart and the University 
of Canterbury on the seismic behaviour of anchors, with particular focus at the moment on post-
installed reinforcing bars, large scale column-to-foundation connections are currently being tested in 
the Structural Laboratory of the University of Canterbury. Besides cast-in hooked reinforcing bars, 
cast-in and post-installed straight reinforcing bars with reduced anchorage lengths are investigated. 
The test data will be used for benchmarking numerical studies with the analytical model implemented 
in a finite element program. A verification of the analytical approach for cast-in and post-installed 
reinforcing bars will then enable a proper evaluation of the required embedment depth. 
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