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Abstract. This paper reports on an experimental investigation into the axial and lateral 

strain development of fiber reinforced polymer (FRP) confined high-strength concrete 

(HSC) with prestressed FRP shells. A total of 24 aramid FRP (AFRP)-confined 

concrete specimens were manufactured as concrete-filled FRP tubes (CFFTs) with 

instrumentation to measure the strain variations during application of prestress, 

removal of end constraints and progressive prestress losses. Prestressed CFFT 

specimens were prepared with three different dose rates of expansive mineral 

admixture to create a range of lateral prestress applied to AFRP tubes manufactured 

with sheet thicknesses of 0.2 or 0.3 mm/ply and referred to as lightly- or well-confined, 

respectively. In addition to these three levels of prestress, non-prestressed companion 

specimens were manufactured and tested to determine baseline performance. The 

experimental results from this study indicate that lateral prestressing of CFFTs 

manufactured with HSC can be achieved by varying the expansive mineral admixture 

dose rate with a lateral prestress of up to 7.3 MPa recorded in this study. Significant 

strain variations were measured during removal of the end constraints with up to 700 

microstrain recorded in the axial direction. Finally, the measurement of prestress 

losses for the month following prestress application revealed minimal progressive 

losses, with only 250 and 100 με recorded for the axial and hoop strains, respectively. 

1.  Introduction 
The use of fiber reinforced polymer (FRP) composites as a wrap or jacket for the confinement of 
concrete columns has gained significant research attention over the last two decades. Recent reviews 
[1-5] have revealed that many studies have examined both FRP-wrapped concrete (e.g., [6-9]), 
intended for strengthening existing concrete columns and concrete-filled FRP tubes (CFFTs) (e.g., 
[10-24]), intended for construction of new columns, which has resulted in a large number of proposed 
models (e.g., [25-30]). 

Recently the construction industry has experienced a progressive increase in the use of higher 
strength concretes (HSCs) over normal strength concrete (NSC) due to the improved performance and 
reduced dead loads offered. However, as was recently demonstrated in Vincent and Ozbakkaloglu [31], 
FRP-confined HSC columns have a tendency to experience a more rapid and uncontrolled expansion 
during activation of the confinement mechanism compared to the more progressive expansion of NSC 
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due to the higher brittleness of HSC [3, 14]. The addition of prestrain to the FRP fibers is a potential 
technique to overcome the uncontrolled expansion, however limited studies exist on the application of 
prestress to FRP confined concrete. 

To address this research gap, this paper reports on an experimental program to monitor prestress 

development for FRP-confined HSC specimens manufactured with four different dose rates of 

expansive mineral admixture. Variations in axial and lateral strains in the FRP shell are reported for 

the 3 key prestress stages: application of prestress; removal of end constraints; and progressive 

prestress losses. Initially, the details of the test program are presented followed by a comparison of the 

axial and hoop strain development during these 3 key stages. Finally, discussions on the effects of the 

key parameters are provided. 

2.  Test Database 

2.1.  Details of manufactured specimens 

A total of 24 test specimens were manufactured and laboratory tested for this experimental program. 

All specimens were manufactured as cylindrical aramid FRP (AFRP)-confined concrete specimens 

with a diameter of 152 mm and height of 305 mm. Four different concrete mixes were used in the 

experimental program with average compressive strengths (f’co) of 100.2 and 110.3 MPa for the 

expansive and non-expansive mixes, respectively. The FRP tubes for all specimens were constructed 

using a manual wet layup technique from a single continuous sheet to create four layers. The tubes 

were allowed 24 hours to cure before concrete was cast inside to create concrete-filled FRP tubes 

(CFFTs). Nominal fiber thicknesses of either 0.2 or 0.3 mm/layer were used to manufacture specimens 

with a total fiber thickness (tf) of either 0.8 or 1.2 mm, referred to as lightly- or well-confined, 

respectively. Table 1 provides a summary of the test specimens. 

 

Table 1. Test specimen details 

Total fiber 
thickness, tf (mm) 

Concrete 
Mix 

Concrete strength, 
f'co (MPa) 

flu/f'co 
Number of 
specimens 

0.8 Mix 1 110.3 0.25 3 

 
Mix 2 100.2 0.27 3 

 
Mix 3 100.2 0.27 3 

  Mix 4 100.2 0.27 3 
1.2 Mix 1 110.3 0.37 3 

 
Mix 2 100.2 0.41 3 

 
Mix 3 100.2 0.41 3 

  Mix 4 100.2 0.41 3 
 

To laterally prestrain the fibers in the AFRP shell, the CFFT specimens were placed in steel 

prestressing rigs which consisted of 16-mm thick steel end caps connected by 16-mm diameter 

threaded rod. The specimens were placed in these rigs immediately after casting of concrete into the 

FRP tubes to restrain the extension of the concrete in the axial direction and limit the expansion to the 

lateral direction. For consistency, control specimens from all four concrete mixes were cast in steel 

tubes to replicate curing conditions experienced in the FRP tubes. This configuration also limited the 

tendency for loss of integrity for the expansive concrete mixes as they cured. These steel tubes were 

carefully cut and removed from the control cylinders immediately prior to testing f’co. An example of 

the prestressing rigs can be seen in Figure 1. 
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     a)        b) 

Figure 1. Steel end caps and threaded rod used to create the prestressing rig: a) steel tube specimen 

prior to casting of control specimen; b) CFFT specimen during concrete curing 

To determine dose rates of expansive admixture numerous trial mixes were prepared to target fiber 

prestrain levels at 0, 10, 20 and 30% of their ultimate tensile strain (εf) for the lightly-confined 

specimens. Final mix designs and material properties of the fiber and FRP composite are provided in 

Tables 2 and 3 respectively, with a more detailed explanation of the experimental program provided 

elsewhere [32]. 

Table 2. Concrete mix proportions 

Concrete constituent Mix 1 Mix 2 Mix 3 Mix 4 

Cement (kg/m3) 462 462 462 462 
Silica fume (kg/m3) 88 88 88 88 
Sand (kg/m3) 700 647 629 618 
Coarse Aggregate (kg/m3) 1049 970 942 927 
Water (kg/m3) 136 163 166 172 
Superplasticiser (kg/m3) 15 14 14 13 
Expansive admixture (kg/m3) 0 105 143 165 
Water to binder ratio* 0.269 0.266 0.255 0.255 

* Binder content includes cement, silica fume and expansive admixture 

Table 3. Fiber and FRP composite material properties 

Type 
Nominal 
thickness 
tf (mm/ply) 

Material properties 

From manufacturer 
 

Determined by coupon tests 

Ultimate 
Tensile 
stress 
ff (MPa) 

Ultimate 
Tensile 
strain 
εf (%) 

Elastic 
modulus 
Ef (GPa)  

Ultimate 
tensile 
stress 
f (MPa) 

Ultimate 
tensile 
strain 
ε (%) 

Elastic 
modulus 
E (GPa) 

Aramid fiber 0.2 or 0.3 2600 2.20 118.2 
 

2390* 1.86 128.5* 

* Values determined by using nominal thickness of fibers 

2.2.  Instrumentation 

Each of the 24 test specimens was instrumented with two 5-mm unidirectional strain gauges 

attached to the external FRP tube surface at specimen mid-height. These strain gauges were aligned 

horizontally on opposing sides of the AFRP shell outside the overlap region to measure hoop strain 

development. These strain gauges recorded the prestrain development in the FRP tubes for over 50 

days as the concrete cured, with measurements commencing immediately after casting of the concrete. 
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To monitor the influence of end constraints removal on prestress loss, the six specimens with the 
highest dose rate of expansive admixture were instrumented to measure axial and hoop strain 
development during this stage. These specimens were allocated two additional 5-mm strain gauges 
located at mid-height on opposing sides of the FRP tube mounted in the axial direction. 

A single specimen was instrumented to monitor the amount of progressive prestress relaxation over 
a four week period after removal of the prestressing rig. This specimen had four 5-mm strain gauges 
attached to the surface of the FRP tube to monitor axial strain development and an additional four 5-
mm gauges to monitor lateral strain development. These strain gauges were located at specimen mid-
height outside the overlap region and were mounted with equal spacing around specimen perimeter. 

3.  Test Results 

3.1.  Lateral prestrain development 
Lateral prestress development due to expansion of the curing concrete was recorded for over 50 days. 
Figure 2 presents the average lateral prestrain development and corresponding lateral prestress for the 
four concrete mixes presented in Table 2.  

Figure 2(a) presents the lateral prestrain development for the lightly-confined test specimens, 
where it can be seen that a prestrain of approximately 4000 to 7000 µε developed. Figure 2(b) presents 
a similar strain development trend for the well-confined test specimens with a prestrain of 
approximately 3000 to 5000 µε recorded. It can be seen in these figures that, similar to concrete 
compressive strength development, the majority of the lateral prestress was observed to develop within 
28 days from concrete casting. It is also evident in this comparison that as expected, higher lateral 
strains developed in the lightly-confined specimens compared to their well-confined counterparts and 
an increase in lateral strain development resulted from an increase in expansive mineral admixture 
dose rate. A closer inspection of these figures reveals that both series of specimens without expansive 
admixtures exhibited a slight compressive strain of approximately 50 µε. This outcome can be 
attributed to a slight amount of concrete shrinkage overcoming the initial tensile strains caused by the 
hydrostatic pressure of the fresh concrete mix. 

 

 

 

 

 

 

 

 

 

 

 

    a)        b)  

Figure 2. Hoop strain and corresponding lateral prestress development in the FRP tube: a) specimens 

with tf = 0.8 mm; b) specimens with tf = 1.2 mm. 

3.2.  Removal of end constraints 
As shown in Figure 3, removal of the prestressing rig lead to the specimens experiencing a reduction 
in the tensile hoop strain of up to 60 µε. In addition to this, up to 700 µε tensile strain in the axial 
direction was developed due to the concrete expansion as the constraints were released. This outcome 
indicates that axial strains were significantly more influenced by removal of end constraints compared 
to variations in lateral prestress. It also indicates that tensile strain variations were sufficient for the 
internal concrete to experience tensile cracks. It is worth noting that in practice these axial tensile 
strains are expected to be overcome by the axial loads present in the column during construction. 
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    a)        b) 

Figure 3. Hoop strain variations during removal of specimens from steel end constraints: a) specimens 

with tf = 0.8 mm; b) specimens with tf = 1.2 mm. 

3.3.  Prestress losses 

In addition to the prestress development and recorded prestrain reductions, further time dependent 

prestress losses were examined on a single well confined specimen with the highest level of prestress 

from Mix 4. Figures 4(a) and 4(b) present the average development of the prestress losses in the axial 

and hoop directly, respectively. This outcome indicates minimal progressive prestrain losses with only 

approximately 250 and 100 µε recorded over a month for the axial and hoop strains, respectively. 

 

 

 

 

 

 

 

    a)        b) 

Figure 4. Time dependent variations in prestress losses after removal of end constraints: a) axial strain 

losses; b) hoop strain losses. 

4.  Conclusions 

 

This paper has reported the results of an investigation into the axial and lateral strain development of 

FRP confined high-strength concrete with prestressed FRP shells and the following conclusions are 

presented: 

1. Development of lateral prestress in CFFTs manufactured with HSC is achievable by adding 

expansive mineral admixture to the concrete mix. Similar to concrete compressive strength 

development, the majority of the lateral prestress was observed to develop within 28 days 

from concrete casting.  

2. The amount of lateral prestress in the FRP fibers can be controlled by varying the expansive 

mineral admixture dose rate in the concrete mix design. A dose rate of up to 30% addition to 
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the total cementitious content resulted in a lateral prestress of up to 7.3 MPa for lightly-

confined specimens. 

3. Removal of end constraints for prestressed CFFTs has only a minor effect on the amount of 

prestress developed in the specimen. However, this procedure influences the axial strains 

significantly and the tensile strains recorded are sufficient to cause tensile cracks in the 

internal concrete. 

4. CFFT columns with prestressed fibers experience minimal progressive prestrain losses within 

the first four weeks following prestress application.  
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