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An alternative method to retrofit reinforced concrete (RC) columns 
with insufficient shear reinforcement is investigated. The retrofit 
involves external prestressing of the columns in the transverse 
direction to increase both shear strength and drift capacity. 
External post-tensioned clamps, consisting of high-strength steel 
rods connecting a set of steel angles, were applied around the 
columns at different spacings and initial post-tensioning stresses. 
The tension induced in the steel rods exerts lateral confining pres-
sure on the column by bearing of the angles against the corners of 
the column. Ten RC columns furnished with external post-tensioned 
clamps were tested under cyclic loads and approximately constant 
axial loads. In addition, six RC beams with clamps were tested 
under monotonically increasing loads. Both the column and beam 
specimens were fabricated with no transverse reinforcement in 
the form of conventional steel ties. Therefore, the external clamps 
were the only source of reinforcement resisting shear. The lateral 
prestress provided by the clamps was observed to increase the shear 
stress at the formation of the first inclined crack and at failure. As a 
result, the mode of failure of columns vulnerable in shear changed 
from shear failure to a more ductile failure dominated by flexure. 
The observed increase in shear strength is dependent on the lateral 
prestress and the tensile strength of the concrete. A simple equa-
tion, based on the mechanics of materials, is presented to calculate 
the shear strength of RC columns with external prestressing.

Keywords: external post-tensioned clamps; lateral prestress; reinforced 
concrete (RC) columns; retrofit; shear strength.

INTRODUCTION
The work presented in this paper was undertaken to 

investigate the effects of external prestressing with clamps 
on the shear strength of reinforced concrete (RC) columns. 
This report focuses on the ability of clamps to prevent shear 
failure before flexural yielding of the longitudinal reinforce-
ment. That is one of the most brittle and dangerous modes of 
failure in RC. It not only affects the ability of the structure to 
resist strong shaking but also the capacity of the structure to 
resist its own weight.1-3 To prevent brittle shear failure, the 
shear strength of RC members must be designed to exceed 
the shear demand associated with the flexural strength. 
Nevertheless, the building stock in seismic regions is heavily 
populated by buildings that do not meet that demand. Reports 
of RC building collapses during past earthquakes have iden-
tified column failures as one of the primary causes.4-9 What 
is more, shear failure of RC columns due to inadequate 
transverse reinforcement is a recurring observation.

A considerable amount of work on the topic of shear 
strength of RC for cyclic demands has been done. Yet, the 

subject is not well understood. Wight and Sozen10 observed 
that displacement reversals beyond the yield displacement 
decrease the shear strength and/or stiffness of RC columns. 
Loss of shear strength and/or stiffness was related to the 
formation of inclined cracks, spalling of the concrete cover, 
expansion of the ties, and loss of interlock resistance of the 
concrete along inclined cracks. Nonetheless, RC columns 
with light transverse reinforcement can fail in shear at low 
drift ratios before yielding of the longitudinal reinforcement.

Recent work by Joint ACI-ASCE Subcommittee 445-B11,12 
suggests that resistance to shear is not affected in a critical 
fashion by cycles in the linear range of response. That obser-
vation reduces the problem of shear failure before flexural 
yielding to that studied early on by Mörsch13 and Richart.14 
The literature on the subject of shear failure before flexural 
yielding is abundant and spans from simple solutions (for 
example, Richart) to highly elaborate ones (for example, the 
Modified Compression Field Theory [MCFT]15). A review 
of the state of the art was produced by Belarbi et al.16

Nevertheless, the scope of these studies has mostly been 
limited to specimens with conventional ties. Studies of the 
shear strength of RC columns with post-tensioning trans-
verse reinforcement have been scarce. Two relevant inves-
tigations into the topic were carried out by Yamakawa 
et al.17 and Skillen.18 Yamakawa et al.17 tested 31 small-scale 
RC columns with widely spaced conventional ties. Of the 
31 specimens, 22 were strengthened with post-tensioned 
external clamps, and the remaining nine had no external 
clamps. Yamakawa et al.’s test results showed that the 
post-tensioned clamps were effective in preventing shear 
failure in the retrofitted columns. Skillen18 tested two large-
scale RC columns to study the effect of lateral pressure 
by means of external clamps. His proposed clamps were 
simpler to fabricate and easier to install in comparison with 
the clamps used by Yamakawa et al. Skillen’s test results 
suggested again that the shear strength of columns with 
light transverse reinforcement can be increased by applying 
post-tensioning transverse reinforcement. Still, a number 
of questions remain. In relation to the work of Yamakawa 
et  al., there are questions about how to extrapolate their 
results from small-scale columns to full-scale columns with 
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sizes more representative of what is common in the field. 
The specimens studied by Skillen were larger, but he tested 
only two columns, and that is not enough in a problem with 
as much uncertainty as shear has.

Olesen et al.’s19 work on the shear of RC beams is of critical 
relevance to this investigation because it provides a method 
to consider the effects of lateral prestress on shear strength. 
Prestressing of concrete structures is generally performed 
to control flexural cracks and deflections with tendons in 
the axial direction of a given member. In an attempt to 
delay the onset and development of shear cracking, tests 
on columns and beams with post-tensioned transverse rein-
forcement were conducted at the University of Canterbury 
(UC) in New Zealand and the National Center for Research 
on Earthquake Engineering (NCREE) in Taiwan. Lateral 
prestress was observed to increase the shear stress at the 
first diagonal cracking and to preclude the formation of large 
crisscrossing inclined cracks caused by cyclic demands.

RESEARCH SIGNIFICANCE
A method consisting of applying external lateral prestress 

to retrofit RC columns vulnerable in shear is investigated. 
The proposed method is easy to design and implement 
and lends itself as a practical solution for retrofitting large 
inventories of structures, or in developing countries. Exper-
imental tests conducted on large-scale RC columns showed 
the effectiveness of external lateral prestress in increasing 
column shear strength and drift capacity. A simple equation, 
based on mechanics, for calculating the shear strength of RC 
columns with lateral prestress is presented.

TECHNICAL FRAMEWORK
The shear strength, denoted as vc, can be approximated as 

the shear at the point of first inclined cracking.14 An expres-
sion for the load causing shear cracking in a concrete element 

subjected to lateral prestress is derived using the procedure 
outlined by Olesen et al.19

In Fig. 1(a), an RC column is depicted under axial 
compressive stress and lateral confinement in two directions 
perpendicular to its longitudinal axis. In this figure, σa is the 
normal longitudinal stress, σL is the normal transverse stress 
in the x-direction, and σt is the normal transverse stress in the 
z-direction. An infinitesimal element within the column is 
labeled as “A” and illustrated in Fig. 1(b). A two-dimensional 
view of element A is presented in Fig. 2. Equilibrium of this 
element requires the shear stresses τxy and τyx to be equal in 
magnitude and opposite in direction (τxy = τyx). The Mohr’s 
circle in Fig. 3 illustrates the relationship among σL, σa, and 
τxy required for equilibrium.

In Fig. 3, σ1 and σ2 represent the maximum and minimum 
principal stresses, respectively, acting on inclined planes 
free of shear, as shown in Fig. 4. Compressive stresses are 

Fig. 1—(a) RC column under axial and lateral stresses; and (b) infinitesimal three-dimensional element oriented to x-y-z-axes. 
(Note: σa is normal longitudinal stress, σL is normal transverse stress in parallel direction to x-axis, σt is normal transverse 
stress in parallel direction to z-axis, τxy is shear stress acting on x-face in direction of y-axis, and τyx is shear stress acting on 
y-face in direction of x-axis.)

Fig. 2—Two-dimensional view of same element shown in 
Fig. 1(b).
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drawn as positive, while tensile stresses are drawn as nega-
tive. Stress σ2 is expected to be tensile at inclined cracking.

The principal stresses σ1 and σ2 can be calculated using 
Eq. (1)

	​ ​σ​ 1,2​​  =  ​ ​σ​ a​​ + ​σ​ L​​ _ 2  ​ ± ​√ 

______________

  ​​(​ ​σ​ a​​ − ​σ​ L​​ _ 2  ​)​​​ 2​ + ​τ​​ 2​ ​​	 (1)

where σ1 is the algebraically larger principal stress (compres-
sive stress); σ2 is the algebraically smaller principal stress 
(tensile stress); σa is the normal longitudinal stress; σL is 
the normal transverse stress in the parallel direction to the 
x-axis; and τ is shear stress.

In Fig. 5(a), element A is shown on a plane constructed 
parallel to the directions of stresses σ1 and σt, while Fig. 5(b) 
illustrates element A on a plane parallel to the directions 
of stresses σ2 and σt. Notice that the directions parallel to 
stresses σ1, σ2, and σt represent the principal stress directions. 

The corresponding Mohr’s circles for these stresses are 
presented in Fig. 6.

Note that the circles depicted in Fig. 6 are drawn for the 
case where σL > σt, with both being compressive stresses. 
The vertical line on the left represents the tensile strength 
of the concrete, denoted as ft. An inclined shear crack is 
assumed to occur when the principal stress σ2 exceeds the 
tensile strength of the concrete ft. Equating the principal 
stress σ2 to the tensile strength ft gives the following equa-
tions for the shear stress in the concrete at inclined cracking.

	​ − ​f​ t​​  =  ​ ​σ​ a​​ + ​σ​ L​​ _ 2  ​ − ​√ 

______________

  ​​(​ ​σ​ a​​ − ​σ​ L​​ _ 2  ​)​​​ 2​ + ​τ​​ 2​ ​​	 (2)

Solving for τ

	​ τ  =  ​f​ t​​ ⋅ ​√ 
________________

  ​(1 + ​ ​σ​ a​​ _ ​f​ t​​
 ​)​​(1 + ​ ​σ​ L​​ _ ​f​ t​​

 ​)​ ​​	 (3)

Equation (3) can be rewritten as follows

	​ ​v​ c​​  =  ​v​ ​c​ o​​​​ ⋅ ​√ 
_

 1 + ​ ​σ​ L​​ _ ​f​ t​​
 ​ ​​	 (4)

where vc is the shear strength attributable to the concrete 
in the presence of lateral confining stress σL; ​​v​ ​c​ o​​​​​ is the 

Fig. 3—Mohr’s circle corresponding to stresses acting on 
element shown in Fig. 2.

Fig. 4—Principal stresses. (Note: σ1 is algebraically larger 
principal stress [compressive stress], σ2 is algebraically 
smaller principal stress [tensile stress], and σt is normal 
transverse stress in parallel direction to z-axis.)

Fig. 5—(a) Stresses seen on plane σ1 – σt; and (b) stresses 
seen on plane σ2 – σt.

Fig. 6—Mohr’s circles for three-dimensional element A 
shown in Fig. 1.
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resistance to shear attributable to concrete in the absence of 
lateral prestress; σL is the lateral confining stress; and ft is the 
tensile strength of concrete, and it is assumed to be close to 
1/3​​√ 

____
 ​f​ c​​′ ​​ MPa.

The primary conclusion drawn from Eq. (4) is that the 
shear strength attributable to the concrete is proportional 

to ​​√ 
_

 1 + ​ ​σ​ L​​ _ ​f​ t​​
 ​ ​​, and this dependence hinges on both the lateral 

confining stress σL and the tensile strength of the concrete ft.

EXPERIMENTAL DATA
Column tests

Specimen description—Ten RC columns furnished 
with clamps were tested under displacement reversals and 
approximately constant axial loads (Tables 1 and 2). Of 
these 10  columns, six were tested at the Structures Labo-
ratory of UC, and four were tested at NCREE. The UC 
columns were tested as single-curvature cantilevers, and the 
NCREE columns were tested in double curvature. Following 
the nomenclature by Skillen,18 the UC columns were labeled 
C3, C5, C6, C7, C8, and C9, and the NCREE columns were 
labeled SC1, SC2, SC3, and SC4. The test columns at UC 
were part of a larger project that also included the testing of 
columns with post-tensioned clamps as a repair measure.20 
Figures 7 to 9 provide details of the columns tested at UC and 
NCREE. The UC columns had cross-sectional dimensions 

of 500 x 500 mm, a clear height of 1530  mm, and eight 
32 mm diameter longitudinal reinforcing bars. The NCREE 
columns had cross-sectional dimensions of 750 x 750 mm, a 
clear height of 3000 mm, and twelve 32 mm diameter longi-
tudinal reinforcing bars. The shear span-to-effective depth 
ratio (a/d) was 3.6 for UC columns and 2.2 for NCREE 
columns. The longitudinal reinforcement ratio was approxi-
mately 2.6% for UC columns and 1.7% for NCREE columns. 
All the columns were fabricated with no internal ties. This 
was done for two reasons: 1) to represent an extreme case of 
an older RC column with wide tie spacing; and 2) to simplify 
the estimation of the shear that is resisted by the external 
transverse reinforcement (clamps). Table 2 summarizes the 
measured properties of the longitudinal reinforcement and 
the post-tensioning transverse reinforcement.

At UC, specimens were cast lying on their sides in a single 
lift and cured for 7 days under plastic, with water dousing 
occurring during at least the first 3 days. The concrete 
mixture was supplied by a ready mixed concrete supplier. 
The cement used was ASTM Type I portland, and the coarse 
aggregate was a blend of 60% crushed stone (maximum size 
of 13 mm) and 40% natural alluvial “Greywacke” aggre-
gate (maximum size of 19 mm). The cylinder compressive 
strength ranged from 21 to 36 MPa.

The specimens at NCREE were also cast on their sides and 
cured with water dousing three times a day for 7 days. The 

Table 1—Specimen details

Specimen Type of test Application of P.T. A.L.R. a/d fc′, MPa ft/​​√ 
____

 ​f​ c​​′ ​​, MPa Ec, GPa

C3

C

2

0.15 3.6

30 0.49 21

C5 2 36 0.37 20

C6 2 24 0.46 29

C7 2 26 0.48 32

C8 2 31 0.40 29

C9 2 23 0.40 29

SC1

C

2

0.3
2.2

21 — —

SC2 2 23 — —

SC3 2 25 — —

SC4 2 0.4 25 — —

B1A

M

N.A. 0

2.2 41 0.53 27

B1B N.A. 0

B2A 2 0

B2B 2 0

B3A 2 0

B3B 2 0

B4A 1 0

B4B 1 0

B5A 1 0

B5B 1 0

B6A 2 0

B6B 1 0

Note: C is cylic; M is monotonic; P.T. is prestress applied in one or two directions; A.L.R. is axial load ratio P/fc′Ag; a/d is shear span-to-effective depth ratio; fc′ is concrete cylinder 
compressive strength; ft is concrete tensile strength determined as splitting strength of 100 x 200 mm cylinders; Ec is modulus of concrete.
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concrete mixture was supplied by a ready mixed concrete 
supplier. The cement used was ASTM Type I portland. The 
nominal coarse aggregate size was 19 mm. The cylinder 
compressive strength ranged from 21 to 25 MPa.

External post-tensioned clamps on columns
The clamps studied are similar to those used by Skillen.18 

They consisted of four corner brackets, each made with pairs 
of steel angles, and high-strength threaded rods connecting 
the brackets (Fig. 10). A key difference from the clamps 
used by Skillen18 is that the clamps used in this study were 
welded. Welding was applied to prevent the concentration 
of shear force in rods. Welding can be avoided if the clamps 
are sized assuming their strength is controlled by the rod 
sections working in shear. That is, vs = rpt·0.6fpty instead of 
vs = rpt·fpty.

For the tests at UC, clamps were fabricated with 16 mm 
thick angles and 16 mm diameter threaded rods with a 
measured yield stress of 820 MPa. The spacing between 
clamps spt was either 200 or 300 mm (Table 3). The post- 
tensioned transverse reinforcement area ratio rpt, calculated 
using Eq. (5), was 0.21 or 0.32%. The initial prestress in the 
threaded rods fpti ranged from 0.1fpty (low prestress) to 0.7fpty 

(high prestress), where fpty is the yield stress of the threaded 
rods. The equivalent lateral confining stress caused by the 
clamps on the column σL is expressed as the transverse rein-
forcement ratio times the initial prestress in the clamps, and 
it is calculated using Eq. (6). This stress ranged from 0.2 to 
1.7 MPa.

For the tests at NCREE, clamps were fabricated with 25 mm 
thick angles and 18 mm diameter threaded rods with a mean 
measured yield stress of 1250 MPa. The spacing between 
clamps spt was 200 or 300 mm (Table 3). The post-tensioned 
transverse reinforcement area ratio rpt was 0.18 or 0.27%. 
The initial prestress in the threaded rods ranged from 0.1fpty 
to 0.55fpty. The equivalent lateral confining stress caused by 
the clamps on the column σL ranged from 0.3 to 1.8 MPa

	​ ​r​ pt​​  =  ​ 
​A​ pt​​ _ b ⋅ ​s​ pt​​

 ​​	 (5)

	 σL = rpt ∙fpti	 (6)

where rpt is the post-tensioned transverse reinforcement 
area ratio; Apt is the total area of post-tensioned trans-
verse reinforcement within spacing spt; b is the width of 

Table 2—Longitudinal reinforcement and post-tensioning rods properties

Specimen

Longitudinal reinforcement Post-tensioning reinforcement

As, mm2 ρl, % fy, MPa fu, MPa Apt, mm2 spt, mm rpt, % fpty, MPa fptu, MPa

C3

6434

2.6
555 698

314

300 0.21

820* 922

C5 200 0.32

C6 200 0.32

C7

(8 ϕ 32 mm) (2 ϕ 16 mm)

300 0.21

C8 200 0.32

C9 518 647 300 0.21

SC1
9651

1.7 466 690

408
200 0.27

1245 1600
SC2 200 0.27

SC3
(12 ϕ 32 mm) (2 ϕ 18 mm)

300 0.18

SC4 200 0.27

B1A

982

2.0 550 680

57

— 0 — —

B1B — 0 — —

B2A 95 0.3

260 369
B2B 95 0.3

B3A 143 0.2

B3B 143 0.2

B4A

(2 ϕ 25 mm) (2 ϕ 6 mm)

143 0.2
290 452

B4B 143 0.2

B5A 95 0.3 289 468

B5B 95 0.3 290 452

B6A 190 0.15
290 468

B6B 190 0.15

*For clamps with no welds (as in C3), nominal resistance to shear provided by clamps is inferred to be close to vs = rpt ∙ 0.6fpty instead of vs = rpt ∙ fpty.

Note: As is total area of longitudinal reinforcement; ρl is longitudinal reinforcement ratio; fy is longitudinal reinforcement yield stress; fu is longitudinal reinforcement ultimate 
stress; Apt is area of post-tensioning transverse reinforcement (one clamp, two legs); spt is spacing of clamps; rpt is reinforcement ratio of post-tensioning transverse reinforcement; 
fpty is post-tensioning transverse reinforcement yield stress; fptu is post-tensioning transverse reinforcement ultimate stress.
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the compression face of the column; spt is the spacing of 
post-tensioned transverse reinforcement; σL is the lateral 
confining stress caused by the clamps; and fpti is the initial 
prestress in the clamps.

Application of clamps—Pairs of steel angles were posi-
tioned at the four corners of the concrete column and 
connected to each other with steel threaded rods. All rods 
were equipped with load cells, placed between the steel 
angle and a 12 mm thick washer (Fig. 11). Clamps with 
low initial prestress were snug-tightened using a spanner. 
In contrast, for clamps with intermediate or high prestress 
(fpti > 0.4fpty), additional force was applied using a hydraulic 
bolt tensioner. Gradual increments in force, following a 
crisscross tightening sequence, ensured even forces in the 
rods and prevented rotation of the clamps.

Fig. 7—Typical dimensions: (a) columns at UC; (b) columns 
at NCREE; and (c) beams.

Fig. 8—Details of columns tested at UC.

Fig. 9—Details of columns tested at NCREE.

Fig. 10—Post-tensioned clamps applied on column.
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Procedure for column tests
Figures 12(a) and (b) show the test setup at UC and NCREE, 

respectively. The axial load ratio (A.L.R. = P/Agfc′) was 0.15 
for columns tested at UC and 0.3 (SC1, SC2, and SC3) or 0.4 
(SC4) for columns tested at NCREE. The loading protocol 
is shown in Fig. 13. Three cycles were applied at each drift 
ratio. Testing was paused at points of peak displacement and 
zero lateral load to record data. Cracks were marked at each 

peak displacement. Testing concluded when the peak lateral 
load in a given cycle was less than 50% of the maximum.

Beam tests
Specimen description—Six simply supported RC beams 

furnished with clamps were tested under monotonic loads 
applied at midspan (Tables 1 and 2). Figures 7 and 14 
show typical details of the beam specimens. The test beams 
had cross-sectional dimensions of 200 x 300 mm, with a 
distance between support centerlines of 1500 mm. The clear 
distance between support faces was 550 mm. Longitudinal 
reinforcement consisted of two 25 mm diameter steel bars 
with a measured yield stress of 550 MPa (averaging results 
from three coupons). The longitudinal reinforcement ratio 
was 2%. The effective depth, defined as the distance from 
the centroid of the exterior layer of longitudinal steel to the 
outermost fiber in compression, was 250 mm. The a/d was 
2.2.

All six beams were cast from a single batch of concrete. 
After the concrete set, wet hessian cloth (burlap) and plastic 
were placed over the beams. Curing lasted for 7 days, with 
water dousing occurring once a day. The formwork was 
stripped after 3 days of casting. At 28 days, the measured 
compressive cylinder strength was 41 MPa on average. The 

Table 3—Summary of test results

Specimen fc′, MPa A.L.R. P.T.
spt, 
mm spt/d rpt, %

σL, 
MPa

vc, 
MPa

vc/​​√ 
____

 ​f​ c​​′ ​​, 
MPa

vmax, 
MPa vs, MPa

(vmax – vs), 
MPa (vmax – vs)/​​√ 

____
 ​f​ c​​′ ​​, MPa

C3 30

0.15

2 300 0.71 0.21 0.2 1.5 0.27 2.3 — — —

C5 36 2 200 0.47 0.32 0.3 1.9 0.32 2.7 — — —

C6 24 2 200 0.47 0.32 1.7 2.2 0.45 2.5 — — —

C7 26 2 300 0.71 0.21 0.7 1.9 0.37 2.5 — — —

C8 31 2 200 0.47 0.32 1.0 2.2 0.39 2.5 — — —

C9 23 2 300 0.71 0.21 1.1 2.0 0.42 2.5 — — —

SC1 21

0.3

2 200 0.29 0.27 0.3 2.0 0.44 2.9 — — —

SC2 23 2 200 0.29 0.27 1.8 2.9 0.62 3.2 — — —

SC3 25 2 300 0.44 0.18 1.2 2.5 0.51 3.1 — — —

SC4 25 0.4 2 200 0.29 0.27 1.8 3.1 0.64 3.5 — — —

B1A

41

0 — — — 0 0.0 1.8 0.30 2.0 0 2.0 0.30

B1B 0 — — — 0 0.0 1.8 0.27 2.1 0 2.1 0.27

B2A 0 2 95 0.38 0.3 0.0 1.7 0.27 2.9 1.11 1.8 0.28

B2B 0 2 95 0.38 0.3 0.6 2.0 0.31 3.6 1.11 2.5 0.55

B3A 0 2 143 0.57 0.2 0.0 1.8 0.28 2.5 0.74 1.8 0.39

B3B 0 2 143 0.57 0.2 0.4 2.3 0.37 3.2 0.74 2.5 0.50

B4A 0 1 143 0.57 0.2 0.0 1.8 0.28 2.8 0.90 1.9 0.30

B4B 0 1 143 0.57 0.2 0.5 — 0.34 3.8 0.90 2.9 0.59

B5A 0 1 95 0.38 0.3 0.8 2.1 0.31 3.4 1.40 2.0 0.34

B5B 0 1 95 0.38 0.3 0.0 2.0 0.33 3.6 1.36 2.2 0.32

B6A 0 2 190 0.76 0.15 0.4 2.0 0.31 2.7 0.70 2.0 0.31

B6B 0 1 190 0.76 0.15 0.4 2.1 0.33 2.8 0.70 2.1 0.33

Note: fc′ is concrete cylinder compressive strength; A.L.R. is axial load ratio P/fc′Ag; P.T. is prestress applied in one or two directions; spt is spacing of clamps; d is effective depth, 
distance from centroid of exterior layer of longitudinal steel to outermost fiber in compression; rpt is reinforcement ratio of post-tensioning transverse reinforcement; σL is lateral 
confining stress caused by clamps on column; vc is shear stress at inclined cracking; vmax is maximum measured shear stress; vs is shear strength contribution of transverse rein-
forcement, calculated as vs = rpt ∙ fptu (applicable to beams only).

Fig. 11—Application of clamps.
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concrete cylinders were kept under the same curing condi-
tions as the beams and were also cured for 7 days, with water 
dousing occurring simultaneously with the beams.

Similar to the columns, the test beams were fabricated 
with no conventional stirrups, with post-tensioning being the 
only source of steel resisting shear. The nominal resistance 
to shear vn was calculated using Eq. (7), which is based on 
observations made by Richart.14 Equation (7) expresses the 
nominal resistance to shear vn as the sum of contributions to 
shear attributed to the concrete vc and the transverse rein-
forcement vs.

	 vn = vc + vs	 (7)

The test beams were designed to fail in shear. In all cases, 
the nominal resistance to shear vn was smaller than the calcu-
lated unit plastic shear stress vp. The unit plastic shear stress 
is associated with the shear force at flexural yielding Vp. This 
force is obtained from a sectional moment analysis (Eq. (8) 

to (10)). The calculated shear plastic stress vp for measured 
properties was 3.8 MPa.

To obtain the contribution to the shear resistance of the 
concrete vc, in the absence of lateral prestress, one beam 
without clamps was tested (B1). The concrete resistance to 
shear vc averaged 1.8 MPa from tests of each beam span B1A 
and B1B. The remaining five beams were furnished with 
clamps at different spacings spt and, by varying the initial 
prestress in the clamps, different lateral confining pressures. 
The nominal shear resistance provided by the clamps ranged 
from 0.7 MPa (for beams B6A and B6B) to 1.4 MPa (for 
beam B5A)

	 Mp = As ∙ fy ∙ j ∙ d	 (8)

	​ ​V​ p​​  =  ​ 
​M​ p​​ _ a * ​​	 (9)

	​ ​v​ p​​  =  ​ 
​V​ p​​ _ b ⋅ d ​​	 (10)

where Mp is the moment at flexural yielding at the critical 
section; As is the cross-sectional area of the reinforcing bars; 
fy is the measured yield stress of the longitudinal reinforce-
ment; j is the ratio of the internal lever arm to the effec-
tive depth (assumed as 0.9); d is the effective depth; Vp is 
the shear force associated with Mp; a* is the distance from 
center of roller supports to face of midspan loading plate (in 
beams); vp is the unit shear stress associated with Vp; and b 
is the column width.

External post-tensioned clamps on beams
Two types of clamps were used for the RC beam tests: 

clamps applying prestress in one or two directions (Fig. 14). 
Table 1 provides information on the beams tested with 
prestress applied in one or two directions. Clamps applying 

Fig. 12—Test setup at: (a) UC; and (b) NCREE.

Fig. 13—Loading protocol for columns.
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prestress in one direction, parallel to the applied force, were 
fabricated from 40 x 40 x 4.0 mm rectangular hollow tubes, 
6 mm diameter threaded rods, and 75 mm wide bearing steel 
plates. The plates were placed on the face of the beam in 
compression, and their width matched the size of the two- 
directional clamps. Clamps applying prestress in two 
directions were similar to the clamps used for columns. 
They consisted of 12 mm thick angles and 6 mm diameter 
threaded rods. The measured ultimate stress of the threaded 
rods ranged from 368 to 468 MPa. The spacing of the clamps 
spt ranged from 95 to 143 mm (0.38 < spt/d < 0.76). The 
post-tensioned transverse reinforcement area ratio rpt, calcu-
lated using Eq.  (5), ranged from 0.15 to 0.3%. The lateral 
confining stress caused by the clamps on the beam σL, calcu-
lated using Eq. (6), ranged from 0 to 0.8 MPa.

Procedure for beam tests
Each beam underwent two tests (tests A and B), resulting 

in a total of 12 tests. Heavy-size clamps were applied to 
one side of the beam, aiming to induce failure on the oppo-
site side. The shear strength contribution of the heavy 
clamps was 4.5 MPa, which was approximately 1.2 times 
the calculated shear stress vp at yielding of the longitudinal 
reinforcement. On the opposite side of the beam, either no 
clamps, as in the case of the bare beam (tests B1A and B1B), 
or smaller clamps were installed. Figure 15 illustrates the 
beam specimen with heavy clamps on one side and smaller 
clamps on the other side. The applied load was increased in 
steps of approximately 10 kN. After each load increment, 
cracks were marked and measured. This process continued 
until shear failure occurred on one side of the beam. Subse-
quently, the heavy clamps were relocated to the failed side, 
and the beam underwent testing again.

EXPERIMENTAL RESULTS AND DISCUSSION
Results from columns

Hysteretic response—Table 3 provides a summary of the 
test results. The hysteretic responses for all the columns are 
shown in Fig. 16 and 17. Figure 16 focuses on the columns 
tested at UC. In this figure, the top three plots correspond 
to columns with a transverse reinforcement area ratio of 
0.21% (clamps spaced at 300 mm) but with different initial 
post-tensioning stresses. Column C3 had clamps with low 
initial prestress (fpti = 0.1fpty), C7 had intermediate initial 
prestress (fpti = 0.4fpty), and C9 had high initial prestress 
(fpti = 0.7fpty), resulting in equivalent σL values of 0.2, 0.7, 
and 1.1 MPa, respectively.

Moving to the bottom three plots in Fig. 16, these show the 
response of columns with a transverse reinforcement area 
ratio of 0.32% (clamps spaced at 200 mm). Columns C5, C8, 
and C6 had clamps with low, intermediate, and high initial 
prestress, respectively, resulting in equivalent σL values of 
0.3, 1.0, and 1.7 MPa.

Fig. 14—Details of beams.

Fig. 15—Test setup for beams.
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These data suggest that an increase in initial prestress led 
to a more ductile column response. For instance, Column C3 
exhibited shear disintegration of the concrete core, while the 
response of C9 was dominated by flexure with a larger drift 
capacity.

All the columns but C3 reached flexural yielding. Having 
no welds in clamps, C3 did not yield in flexure because its 

nominal shear strength was close to vc + rpt ∙ 0.6fpty (instead 
of vc + rpty ∙ fy), which is smaller than the unit shear associ-
ated with flexural yielding. For all other columns, yielding 
occurred at a drift ratio of approximately 1.5%. The peak 
measured load was 525 kN on average, and the associated 
shear stress was 2.5 MPa. Table 4 lists the measured peak 
loads and drift capacities for all 10 columns. The peak 

Fig. 16—Hysteretic response of columns tested at UC.

Fig. 17—Hysteretic response of columns tested at NCREE.
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loads reported in Table 4 represent the maximum shear 
forces applied in both pushing and pulling directions. Drift 
capacity is defined as the drift that the column reaches before 
its lateral load resistance drops to 80% of the maximum 
measured load. Testing concluded when the peak lateral load 
in a given cycle was less than 50% of the maximum.

Figure 17 shows the response from columns tested at 
NCREE. Column SC1 had clamps with low initial prestress 
(fpti = 0.1fpty), while SC2, SC3, and SC4 had clamps with 
intermediate initial prestress (fpti = 0.55fpty). The transverse 
reinforcement area ratio was 0.18% for SC3 and 0.27% for 

the other columns. The lateral confining stress σL, calculated 
using Eq. (6), was 0.3, 1.8, 1.2, and 1.8 MPa for SC1, SC2, 
SC3, and SC4, respectively.

All the columns reached yielding of the longitudinal 
reinforcement at a drift ratio of approximately 1.2%. The 
measured peak loads ranged from 1465 to 1780 kN. Differ-
ences in peak loads were likely due to the applied lateral 
prestress, ranging from 0.3 to 1.8 MPa, and the higher axial 
load (0.4Agfc′) in SC4. Table 4 shows the peak loads and drift 
capacities.

Clamp stress—Forces in the clamps were measured at one 
end of each threaded rod using load cells. Clamp stresses 
were calculated as the measured force divided by the net rod 
cross-sectional area (approximately 80% of the gross area; 
refer to Table 2). Figure 18 presents a graphical representa-
tion of clamp stresses measured in the test of SC1. The figure 
includes data for the first three clamps positioned at the ends 
of the column. Each curve in the figure shows the change in 
the stress in threaded rods parallel to the applied lateral force. 
The markers on the curves represent measurements taken at 
peak displacements during the first cycle at each displace-
ment target. Note that each curve has a different origin on the 
horizontal axis, and the spacing between vertical gridlines 
corresponds to 100 MPa. The vertical axis represents the 
applied unit shear stress V/bd divided by ​​√ 

____
 ​f​ c​​′ ​​, where V is the 

applied lateral force, b is the width of the column or dimen-
sion perpendicular to the direction of the applied force, d 
is the effective depth of the column, and fc′ is the concrete 
cylinder compressive strength on the day of testing in MPa.

All the curves in Fig. 19 show no change in clamp stress 
before the applied shear stress exceeded a threshold. This 
threshold indicates the formation of inclined cracks and 
has been assumed to be a reasonable approximation of the 
contribution to shear strength attributable to the concrete 
vc. Changes in clamp stress after inclined cracking were 
more noticeable in columns with low initial prestress. These 

Table 4—Peak loads and drift capacities

Specimen
fc′, 

MPa rpt, %
σL, 

MPa

Peak loads

D.C., 
%

Pushing 
direction, 

kN

Pulling 
direction, 

kN

C3 30 0.21 0.2 450 480 3.0

C5 30 0.32 0.3 570 550 5.5

C6 24 0.32 1.7 530 540 5.0

C7 26 0.21 0.7 530 520 4.0

C8 31 0.32 1.0 530 530 5.0

C9 23 0.21 1.1 530 540 4.0

SC1 21 0.27 0.3 1465 1495 2.5

SC2 23 0.27 1.8 1600 1625 4.0

SC3 25 0.18 1.2 1560 1575 3.5

SC4 25 0.27 1.8 1770 1780 3.0

Note: fc′ is concrete cylinder compressive strength; rpt is reinforcement ratio of 
post-tensioning transverse reinforcement; σL is lateral confining stress caused by 
clamps; D.C. is drift capacity, defined as drift ratio associated with 20% decrease in 
lateral load resistance of column. It is calculated with help of envelope of load- 
displacement loops. Two values of drift capacities are obtained (pulling and pushing 
directions), but only smaller value is reported.

Fig. 18—Total shear stress versus stress in key clamps, Column SC1. (Note: spt is spacing between clamps, rpt is post-tensioned 
transverse reinforcement area ratio, fpti is initial prestress in clamps [as fraction of yield stress of high-strength rods fpty], σL is 
lateral prestress caused by clamps on column, and fc′ is measured concrete cylinder strength at test day.)
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changes accelerated as applied shear stress increased. The 
slope of the curves relating applied shear stress and clamp 
stress approached rpt, as observed by Richart.14 For columns 
with clamps with initial prestress fpti > 0.4fpty, the applied 
shear stress causing the first variation in clamp stress was 
less clear. Larger lateral prestress σL not only caused an 
increase in the shear at inclined cracking but also a reduction 
in the width and length of inclined cracks. Inclined cracks not 
forming as extensions of flexural cracks were not observed 
in columns with σL > 1.7 MPa (0.3​​√ 

____
 ​f​ c​​′ ​​). As a consequence, 

estimating vc from clamp-stress measurements was more 
difficult for specimens C6, SC2, and SC4 (where σL was at 
least 1.7 MPa). Approximate estimates of the shear stress at 
inclined cracking (assumed to represent vc) were obtained 
from Fig. 19. Each curve in this figure represents the varia-
tion of clamp stress with increases in applied shear stress for 

the most critical clamp in each of the 10 test columns. The 
distance between vertical gridlines (100 MPa) represents the 
increase in clamp stress. The horizontal distance between 
the origin of each curve and the y-axis represents the initial 
lateral prestress σL. Curve labels indicate the specimen 
ID and clamp number. Colored markers indicate points 
chosen to represent the formation of inclined cracks, with y- 
coordinates representing estimates of vc. These points were 
chosen considering these criteria:
•	 Focus on clamps between d/2 and d from column ends;
•	 Consider rods parallel to the applied shear force;
•	 Identify a noticeable increase in clamp stress;
•	 Compare the slope of the shear stress-clamp stress curve 

with the transverse reinforcement area ratio rpt; and
•	 Corroborate the presence of inclined cracks in photos 

taken when the mentioned stresses were measured.

Fig. 19—Shear stress versus clamp stresses (selected clamps).

Table 5—Applied shear stress and clamp stresses, in MPa

C3 C5 C6 C7 C8 C9 SC1 SC2 SC3 SC4

v/​​√ 
____

 ​f​ c​​′ ​​
Clamp 
No. 2 v/​​√ 

____
 ​f​ c​​′ ​​

Clamp 
No. 2 v/​​√ 

____
 ​f​ c​​′ ​​

Clamp 
No. 2 v/​​√ 

____
 ​f​ c​​′ ​​

Clamp 
No. 2 v/​​√ 

____
 ​f​ c​​′ ​​

Clamp 
No. 3 v/​​√ 

____
 ​f​ c​​′ ​​

Clamp 
No. 2 v/​​√ 

____
 ​f​ c​​′ ​​

Clamp 
No. 3 v/​​√ 

____
 ​f​ c​​′ ​​

Clamp 
No. 2 v/​​√ 

____
 ​f​ c​​′ ​​

Clamp 
No. 15 v/​​√ 

____
 ​f​ c​​′ ​​

Clamp 
No. 14

0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0

0.15 0 0.16 0 0.20 –1 0.19 –1 0.16 –1 0.20 –1 0.33 2 0.34 –5 0.31 –2 0.31 –2

0.24 2 0.24 –1 0.29 –1 0.28 –3 0.24 –4 0.30 –3 0.36 6 0.41 –5 0.38 –6 0.40 –7

0.25 5 0.29 –1 0.35 –1 0.34 3 0.30 –6 0.37 –1 0.41 5 0.47 –4 0.40 –6 0.47 –8

0.28 8 0.35 13 0.41 2 0.37 9 0.35 –3 0.42 6 0.44 8 0.57 –2 0.42 –6 0.53 –6

0.32 57 0.38 42 0.45 9 0.40 22 0.39 0 0.46 13 0.47 14 0.60 –1 0.44 –6 0.59 –4

0.34 126 0.42 76 0.48 15 0.44 50 0.42 6 0.50 29 0.52 70 0.62 –1 0.49 –3 0.63 –1

0.37 186 0.43 119 0.48 20 0.47 72 0.43 8 0.51 44 0.56 111 0.64 15 0.54 5 0.65 5

0.36 218 0.44 130 0.50 24 0.47 123 0.44 12 0.52 50 0.59 146 0.65 25 0.59 33 0.67 8

0.38 276 0.44 176 0.50 23 0.48 139 0.44 19 0.51 71 0.61 172 0.66 36 0.59 50 0.69 17

— — — — 0.51 27 0.47 166 0.44 21 0.5225 76 0.63 233 0.65 37 0.61 71 0.68 20

— — — — — — 0.49 180 0.44 28 — — 0.64 245 0.66 49 0.62 106 0.70 28

— — — — — — — — 0.44 30 — — — — — — — — — —

Note: v is shear stress, calculated as V/bd; V is applied shear force; b is width of column; d is effective depth, distance from centroid of exterior layer of longitudinal steel to outer-
most fiber in compression; fc′ is concrete cylinder compressive strength.
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All stresses illustrated in Fig. 19 are listed in Table 5 to 
allow the reader to plot the data and select different estimates 
for vc if deemed necessary.

The estimates of vc obtained from Fig. 19 are plotted again 
versus the initial lateral prestress σL in Fig. 20, with shear 
stress normalized relative to a reference shear stress vo. This 
reference stress is meant to represent the shear strength of a 
column without lateral prestress and without ties. Because 
shear strength is expected to be sensitive to differences in 
axial load and reinforcement ratio, two values of vo were 
used: 0.4​​√ 

____
 ​f​ c​​′ ​​ MPa for the columns tested at NCREE (with 

0.3 < P/Agfc′ < 0.4), and 0.27​​√ 
____

 ​f​ c​​′ ​​ MPa for the columns tested 
at UC (P/Agfc′ = 0.15). For each column set, the reference 
value vo was obtained as the intercept with the y-axis of a 
regression line fitted through the colored markers in Fig. 19. 
Figure 20 shows that vc, as defined here, increased with 
increasing initial lateral prestress σL. Equation (4) produced 
a lower-bound estimate for this increase. The largest devi-
ations from Eq. (4) occurred for columns with large initial 
lateral prestress in which detecting the formation of inclined 
cracks was more difficult.

Fig. 20—Concrete shear stress versus lateral prestress.

Fig. 21—Load versus deflection curves of beams.
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Results from beams
Table 3 summarizes the test results. The load-deflection 

curves for all the beams are shown in Fig. 21. The objective 
of the beam tests was to study whether the increase in shear 
stress at inclined cracking observed in the column tests leads 
to a similar increase in monotonic shear strength. For this 
purpose, the test beams were proportioned to fail in shear 
before yielding in flexure. In all beams with clamps, shear 
failure occurred by fracture of the threaded rods after the 
formation of a large inclined crack in the beam.

Clamps installed on the beams were not instrumented. 
Therefore, the estimation of the load at inclined cracking 
relied purely on visual observation. Except for test 4B, in 
which a clear observation was not obtained, the load at 
inclined cracking was clearly identified—to the best judg-
ment of the writers—during each beam test. Assuming 
that the shear at inclined cracking and the contribution to 
shear strength attributable to the concrete are similar to 
one another, the former was compared with the difference 
between the total shear measured at failure vmax and the 
contribution to shear strength attributed to the clamps vs. 
Table 3 shows: a) the shear stresses at inclined cracking; b) 
the total shear stress at failure vmax; and c) vs obtained as 
the reinforcement ratio times the measured rod strength fptu. 
Figure 22(a) illustrates variations in shear stress at observed 
inclined cracking with increasing values of σL. Figure 22(b) 
illustrates variations in vmax – vs with increasing values of 
σL. The similarities between these two figures suggest that 
increases in shear stress at inclined cracking caused by 
increases in initial lateral prestress translated into similar 
increases in shear strength (for monotonically increased 
shear). In addition, Fig. 23 shows that increases in shear 
stress at inclined cracking observed in beams were compa-
rable to those observed in columns even in beams with initial 
lateral prestress in a single direction (parallel to the applied 
force), supporting Eq. (4) and the aforementioned theoret-
ical framework.

CONCLUSIONS
•	 Observations made by Richart14 on reinforced concrete 

(RC) beams with conventional ties led him to propose 
Eq. (7) (that is, vn = vc + vs). Equation (7) expresses 
the nominal resistance to shear vn as the contribution 

to shear resistance attributable to the concrete vc and 
the contribution attributable to the transverse reinforce-
ment vs. Although Eq. (7) was originally derived for RC 
beams with conventional ties, acceptable results were 
obtained assuming that post-tensioned clamps resist 
shear in a similar fashion to conventional ties.

•	 The shear strength attributable to the concrete vc, 
interpreted as the shear at the formation of the first 
inclined crack, was observed to be nearly proportional 

to ​​√ 
_

 1 + ​ ​σ​ L​​ _ ​f​ t​​
 ​ ​​, where σL represents the lateral prestress, and 

ft stands for the tensile strength of the concrete, assumed 
to be close to 1/3​​√ 

____
 ​f​ c​​′ ​​ in MPa. It follows that a high value 

of σL can delay the formation of shear inclined cracks. 
The beam tests showed an increase in vc at both inclined 
cracking and failure.

•	 The increase in the concrete resistance to shear vc in 
the beams was observed to be unaffected by whether 
prestress was applied solely in the loading direction 
or in both the loading and transverse directions. This 
observation is in agreement with the Mohr’s circle 
shown in Fig. 6. Confining stresses transverse to the 
loading direction (σt) are not expected to provide an 
additional benefit to the shear strength attributable to 
the concrete vc.

Fig. 22—Variations in vc: (a) at observed inclined cracking; and (b) calculated as vmax – vs.

Fig. 23—Concrete shear stress versus lateral prestress 
(including beams).
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•	 The proposed post-tensioned clamps can be used as an 
effective method to retrofit non-ductile RC columns 
with insufficient transverse reinforcement. The intro-
duction of post-tensioned clamps prevented non-ductile 
columns from shear failure before flexural yielding.
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