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ABSTRACT 
 
For prestressed concrete cylindrical structures such as nuclear containments, tanks and silos, the 

curvature effect of the tendons introduces radial tensile stresses in the concrete shell which are generally 
neglected in the design of such structures. These structures are generally reinforced in the circumferential 
(hoop) and meridional (vertical) directions but not in the radial direction. This leaves these structures 
vulnerable to potential laminar cracking and delaminations during their life. In case of nuclear 
containments, such delaminations can also compromise the safety and leak tightness. Should 
delamination occur, the structure needs to be repaired by either replacing cracked concrete or by 
“pinning” the delaminated concrete layers together by post-installed anchors. The latter option of post-
installed anchors is less invasive from construction stand point and generally suitable for repairing small 
or localized delaminations only. A comprehensive study is undertaken to explore various aspects and 
design consideration of post-installed anchors for prestressed concrete cylinders. The study is divided into 
two parts, Part I - to develop the radial tension demand of the post-installed anchor and how to design and 
detail them and Part II - the tightness requirement of delamination crack widths for effective use and 
installation post-installed anchors.   

This paper deals with Part II of the study which aims at developing the tightness requirement of 
existing delamination cracks for effective use of post-installed anchors. A comprehensive literature search 
and evaluation is carried out for shear transfer capacity across cracks of various widths. The findings in 
this paper are used in combination with evaluation performed in Part I to develop specific 
recommendations for acceptable crack widths to ensure adequate in-plane shear transfer capacity for 
various design load conditions.   

 
INTRODUCTION 

 
Radial tensile stresses are generally neglected in the design of prestressed concrete cylindrical 

structures such as nuclear containments, tanks and silos. These structures are generally reinforced in the 
circumferential (hoop) and meridional (vertical) directions but not in the radial direction. This leaves 
these structures vulnerable to potential laminar cracking and delaminations during their life. Note that 
there have been several instances of such cracking and delamination both in nuclear as well as non 
nuclear cylindrical structures.  These delaminations can result in significant implications for structural 
integrity, loss of function and long-term durability of such structures.  In case of nuclear containments, 
such delaminations can also compromise the safety and leak tightness. Should delamination occur, the 
structure needs to be repaired by either replacing cracked concrete or by “pinning” the delaminated 
concrete layers together by post-installed anchors. The latter option of post-installed anchors is less 
invasive from construction stand point and generally suitable for repairing small or localized 
delaminations only. Obviously, the anchors would need to be designed for the expected radial tension 
across the crack and may be even the in-plane shear, depending upon the crack width.  But there are no 
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guidelines available on crack width that can be bridged, spacing or design force of such radial 
reinforcement.  

A comprehensive study is undertaken to explore various aspects and design consideration of post-
installed anchors for prestressed concrete cylinders. The study is divided into two parts, (1) to develop the 
radial tension demand of the post-installed anchor and how to design and detail them and (2) the tightness 
requirement of delamination crack widths for effective use and installation post-installed anchors.  It is 
apparent that post-installed anchors would not be very effective for large crack widths of delaminations. 

Part II of this study aims at developing the tightness requirement of existing delamination cracks 
for effective use of post-installed anchors. The subject of interest of this paper is to document the 
magnitude of in-plane shear transfer capacity across cracked concrete of various crack widths with or 
without reinforcement crossing it. The purpose is to determine how much shear can be transferred across 
the cracked plane through, for example, aggregate interlock and whether the post-installed anchors also 
need to be designed for such in-plane shear transfer.  A comprehensive literature search and evaluation is 
carried out for shear transfer capacity across cracks of various widths.  The findings in this paper are used 
in combination with evaluation performed in Part I to develop specific recommendations for acceptable 
crack widths to ensure adequate in-plane shear transfer capacity for various design load conditions.  

Shear force can be transmitted across a crack if the crack faces are moving in opposite directions. 
This shear transfer capacity can come from  three mechanisms: 1) Aggregate interlock; 2) Dowel action; 
and 3) Axial steel force (see Figure 1 for illustration). In following sections, shear transmission across un-
reinforced and reinforced cracks are studied in detail. 

   

 
Figure 1. a) Aggregate interlock; b) Dowel action; c) Axial steel force 

 
 

SHEAR TRANSFER ACROSS UN-REINFORCED CRACKS 
 

For a crack without reinforcement across it, shear transfer comes exclusively  from the aggregate 
interlock. The parameters, which affect the aggregate interlock capacity τ, are identified by different 
researchers (Walraven, 1980, 1981; Bazant and Gambarova, 1980; Gambarova, 1981, 1990) as the crack 
width w, the shear displacement Δ, the concrete crushing strength f ′, and the maximum aggregate 
particle diameter D .  Also see Figure 2 for illustration.  
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Figure 2. Shear transmission across an un-reinforced crack 
 

Walraven (1980) reported numerous experimental results with range of D 16 ~ 32 mm 
and f ′ 13.4 ~ 59.1 N/mm , covering different cases of crack width ranging from 0.1 to 1.0 mm.   

Based on theoretical analysis and aforementioned experimental results, Walraven proposed 
following equation for the shear transmission across an un-reinforced crack (Walraven, 1980, 1981): 

 
′

30
1.8 .  0.234 .  0.20                            1  

 
In which: 
τ : shear transmission across an un-reinforced crack, N/mm  
f ′ : concrete crushing strength, N/mm  
w : crack width, mm 

 : shear displacement, mm 
 

Using principles of fracture mechanics, an alternative solution of the shear transfer mechanism 
across an un-reinforced crack is proposed by Gambarova and Bazant (1980, 1981, 1990). The equation is 
shown below: 

 

1 2                                          2  
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and:  
τ : shear transmission across an un-reinforced crack, N/mm  
f ′ : concrete crushing strength, N/mm  
D  : maximum aggregate diameter, mm 
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w : crack width, mm 

 : shear displacement, mm 
 
As shown in Eq. (1) and Eq. (2), the shear transmitted across a crack depends on the allowable 

shear displacement Δ. Experiments in [2] indicate the value of Δ could be up to 2 w. Reineck (1991) 
proposed that the critical shear displacement Δ 0.336 w 0.01mm for a structural concrete member 
without transverse reinforcement, under shear force associated with flexure bending. This corresponding 
to Δ 0.35~0.37 w for a crack with w 0.25~0.5 mm.  

Eq. (2) also includes effect of maximum aggregate size D . However, such effect is negligible 
because for a small crack the term 1 2w/D_max 1, given a typical aggregate size range D

15~30 mm. As a comparison, considering f 35 MPa ~5000 psi  and assuming  D
20 mm ~0.8 in ,  the shear capacity across un-reinforced cracks with widths of 0.25 mm (~0.01 in) and 
0.5 mm (~0.02 in), are calculated using Eq. (1) and (2), and presented in Table 1 and Table 2 as well as 
Figure 3.  

  
Table 1: shear transmission capacity across a 0.25 mm wide un-reinforced crack   
 

Allowed shear 
displacement Δ /w 

Un-reinforced shear capacity (psi) 

Walraven (Eq. 1) 
Gambarova and Bazant 

(Eq. 2) 
0.3 51.401 100.136 

0.35 88.17 123.488 
0.4 124.939 150.779 
0.6 272.013 309.734 
1.0 566.163 737.494 

 
 
 
Table 2: shear transmission capacity across a 0.5 mm wide un-reinforced crack   
 

Allowed shear 
displacement Δ /w 

Un-reinforced shear capacity (psi) 

Walraven (Eq. 1) 
Gambarova and Bazant 

(Eq. 2) 
0.3 37.542 92.346 

0.35 72.001 113.881 
0.4 106.459 139.05 
0.6 244.294 285.639 
1.0 519.964 680.122 
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Figure 3. Shear transmission capacity across an un-reinforced crack 
 

As shown in Tables 1 and 2, results from Eq. (1) and Eq. (2) showed comparable results for both 
crack widths. The solution recommended by Gambarova & Bazant (Eq. 2) generally results in higher 
shear capacities across an un-reinforced crack compared to the one provided by Walraven (Eq. 1). 
Particularly for Δ 0.35 w, the shear capacity across a 0.25 mm un-reinforce crack is 88 psi per Eq. (1), 
versus 123 psi per Eq. (2). The shear capacity across a 0.5 mm un-reinforce crack is 72 psi per Eq. (1), or 
114 psi per Eq. (2). Interestingly, when the crack width increased from 0.25 mm to 0.5 mm, the shear 
transfer capacity reduces by less than 20% per the equation of Walraven, or less than 10% per the one 
recommended by Gambarova & Bazant.   

Furthermore in ACI 318 – 63 (1963) Section 2505, the shear transfer along the concrete contact 
surface without mechanical anchorage (reinforcement) is permitted to be 40 psi for service loads, and 76 
psi (1.9 × 40 =76 psi) for ultimate loads. These values are comparable to results obtained above using Eq. 
(1) or Eq. (2). This provision, however, was deleted in later version of ACI 318 Code (2008).  

 
SHEAR TRANSFER ACROSS REINFORCED CRACKS 

 
For a situation with reinforcement crossing the crack, the shear transfer across crack is the 

combination of three mechanisms: 1) Aggregate interlock; 2) Dowel action; and 3) Axial steel force, as 
demonstrated in Figure 1. With reinforcement crossing the crack, the in-plane shear transfer capacity will 
increase significantly in proportion to the clamping force obtained through the radial reinforcement. This 
phenomena has been reported in different studies (Walraven, 1980, 1981; Mattock and Hawkins, 1972; 
Hsu et.al., 1987; Birkeland and Birkeland, 1966; Mast, 1968; Hofbeck et. al., 1969), and recognized in 
building codes as the shear-friction theory.  

In ACI 318 – 63 Section 2505, the shear transferred along the contact surface with minimum steel 
tie of 0.15 percent of contact area provided, is permitted to be 160 psi for service loads, and 304 psi (1.9 × 
160 = 304 psi) for ultimate loads. These values are 4 times of the shear capacity across an un-reinforced 
contact surface. 

Since ACI 318-71, ACI 318 Code has allowed design for shear transfer to be based on the “shear 
friction” hypothesis.  The shear-friction theory has been discussed in detail in by Birkeland (1966) and 
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Mast (1968). A crack is assumed to have occurred along the shear plane, and reinforcement is assumed to 
cross the crack at right angles. The faces of the crack will be rough and irregular, so that when slip occurs 
along the cracks, the pieces of concrete on either side of the crack will be made to separate slightly. This 
separation would stress the reinforcement crossing the crack in tension, which would in turn create a 
compressive stress or a clamping force in the concrete across the crack. This compressive stress would 
provide resistance to slip along the crack by virtue of friction between the rough and irregular faces of the 
crack. Based on a series of tests, Hofbeck et. al. (1969) concluded the shear-friction theory gives a 
reasonably conservative estimate of shear transfer capacity cross a reinforced crack.   

The shear-friction theory could be applied using Eq. (3) 
 

                                         3  

In which: 
τ : shear transmission capacity across a reinforced crack 

 : factored cross-crack reinforcement yield strength 
 : cross-crack reinforcement area 
 : concrete area tributary to A  

 : friction coefficient as defined in ACI-318, 0.7~1.4 for normal weight concrete 
 
CRACK TIGHTNESS REQUIREMENT FOR POST-INSTALLED ANCHORS  

 
Should delamination occur, the cylindrical shell is divided as the outer layer and the inner layer 

separated by existing hairline cracks. For repairing small or localized delamination using post-installed 
anchors, radial tension between inner and outer layers will be carried through radial anchors instead of 
distributed tensile stress crossing the boundary. The radial tension demand for designing the post-installed 
anchor is studied in detail in the Part I of this research (Wang and Munshi, 2013). Based on this study, the 
radial tension in a cylindrical prestressed concrete shell is mainly caused by the curvature effect of the 
tendons. In order to install post-installed anchors and repair the delamination, the structure should be 
properly detensioned to a “stress-free” condition so the existing hairline cracks are allowed to close.  

After installation of post-installed anchors, the post-tensioning load is applied and radial tension 
between inner and outer layers is carried through radial anchors.  It is recognized that existing hairline 
cracks may open at locations away from anchors and such widening effect could be calculated using the 
parametric finite element model proposed in Wang and Munshi (2013). It is also worth mentioning that 
any residual crack width observed in the detensioned structure should be added to the calculated widening 
effect to obtain the total crack width, i.e.  

 
                                         4  

In which: 
 : maximum crack width of delaminated structure after repair 
 : observed residual crack width in the detensioned structure, ideally equals to 0 
 : crack widening effect studied in [15] 

 
In order to repair a delaminated cylindrical prestressed concrete structure, post-installed anchors 

would need to be designed for the expected radial tension across the crack and may be even the in-plane 
shear, depending upon the crack width.  Generally speaking, it is expected that existing cracks between 
the outer and inner layers will be tight enough  to transfer shear and compression, thus the post-installed 
anchors are not required to be designed to carry the in-plane shear. Therefore, the maximum crack width 
of delaminated structure after repair  should be compared with the tightness requirement of delamination 
crack widths for effective use and installation of post-installed anchors.  
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The in-plane shear stresses in cylindrical structure are expected to be small. In a shell segment 

away from any boundary or structural discontinuity, the in-plane shear transfer between inner and outer 
layers will be negligible based on the thin shell theory. Higher in-plane shear demand may occur in the 
portion close to a boundary such as basemat or dome, due to the constraint effect. However, delamination 
is less likely to occur in such areas because of the constraint effects.    

It is recommended that threshold crack width for installation of anchors be set at 0.5 mm. The 
threshold crack width limit of 0.5 mm (0.02 in) proposed here can be clearly identified (with naked eye) 
and measured and is in general conformance with crack control design philosophy in current ACI 318 
(0.016 in) for which crack control reinforcement is required. As indicated in Tables 1 & 2, and Figure 3, 
the shear capacity of an un-reinforced 0.5 mm crack is generally adequate for a cylindrical structure. It is 
also recommended that appropriate analysis be carried out to determine magnitude of the in-plane shear, 
especially for delamination occurring near a boundary or structural discontinuity. This is to validate 
applicability of the proposed threshold crack width limit for the structure to be repaired.  

If the resulting crack width after anchors and post-tensioning is above the bove-mentioned 
threshold crack width limit and/or the shear transmission capacity of the un-reinforced crack is not 
adequate compared to the magnitude of in-plane shear demand, the post-installed anchor should be 
designed for the in-plane shear using the shear-friction theory. Note that the calculated anchor area A  
required for shear friction would add the  reinforcement required  for radial tension.    

 
PROPOSED DESIGN PROCESS FOR POST-INSTALLED ANCHORS  

 
The design of post-installed anchors for repairing a delaminated cylindrical prestressed concrete 

structure may be carried out as described in following steps. 
1. Calculate the radial tension demand using the mechanical model proposed by Wang and Munshi 

(2013) 
2. Determine size and spacing of post-installed anchors, based on demand calculated in step 1 
3. Evaluated the crack widening effect  using a finite element model such as the one proposed by 

Wang and Munshi (2013) 
4. Based on the crack widening effect  and observed residual crack width , determine the 

maximum crack width of delaminated structure after repair  
5. Evaluate  using the crack tightness requirement, perform in-plane shear analysis and the shear-

friction analysis and add additional anchor area, if needed. 
 

CONCLUSION 
 

Radial tensile stresses are generally neglected in the design of prestressed concrete cylindrical 
structures such as nuclear containments, tanks and silos. This leaves these structures vulnerable to 
potential laminar cracking and delaminations during their life. Small or localized delaminations could be 
repaired by “pinning” the delaminated concrete layers together by post-installed anchors.  

A comprehensive study is undertaken to explore various aspects and design consideration of post-
installed anchors for prestressed concrete cylinders. The study is divided into two parts, (1) to develop the 
radial tension demand of the post-installed anchor and how to design and detail them and (2) the tightness 
requirement of delamination crack widths for effective use and installation post-installed anchors.  It is 
apparent that post-installed anchors would not be very effective for large crack widths of delaminations. 

Part II of this study aims at developing the tightness requirement of existing delamination cracks 
for effective use of post-installed anchors. The subject of interest of this paper is to document the 
magnitude of in-plane shear transfer capacity across cracked concrete of various crack widths with or 
without reinforcement crossing it. The purpose is to determine how much shear can be transferred across 
the cracked plane through, for example, aggregate interlock and whether the post-installed anchors also 
need to be designed for in-plane shear transfer.  A comprehensive literature search and evaluation is 
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carried out for shear transfer capacity across cracks of various widths.  The findings in this paper are used 
in combination with evaluation performed in Part I to develop specific recommendations for acceptable 
crack widths to ensure adequate in-plane shear transfer capacity for various design load conditions. 
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