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Abstract:  This paper summarises engineering work on an existing 50-year-old building core walls that was 
redesigned as part of a new building development in Australia, that had a requirement for a design life of a 
further 50 years. The work involved an assessment of the 50-year-old concrete to ensure that it remained 
serviceable for a further 50 years. Extensive testing work was required to assess the properties of the 
existing structure for validation and input into the structural analysis and design of the new building. Actual 
material properties were used to assess and refine the design of the structural core of the new building. The 
design of the original structure was undertaken in conformance with AS CA2-1963 and all concrete in the 
building core was placed by kibble and bucket. Investigations on the reinforcement in the structure were 
also conducted to determine the likely performance of structural elements and their continued ability to take 
load. Extensive numbers of concrete core samples were retrieved from the structural elements to confirm 
design strengths using methods for evaluation of core strengths (f c) published in the technical literature. 
Testing of carbonation was also undertaken on the reinforced concrete elements to assess if they have the 
requisite durability to achieve the required design life. Chloride and sulphate levels in the concrete were 
assessed. Ultimate and serviceability limit states were assessed against concrete performance data to come 
up with an optimised design that incorporated the original concrete core.
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1. Introduction
This paper describes a specific aspect of work done on an existing 50-storey building that was 50 years old 
at the time of redevelopment. The design of the new structure required an in-depth assessment of the 
condition of the 50-year-old concrete in the core walls to be used in models and to predict its behaviour in 
the new structure for its design life of a further 50 years (specified in AS3600).

The design of the original building was carried out around 1970 under the then Australian Standard AS CA2 
(1) which included the building core that was proposed for re-use. References to material standards included 
those applicable for cement, aggregates (including lightweight which deferred to then ASTM provisions) and 
admixtures which again deferred to ASTM for guidance. Specification of concrete would have been 
assessed by compressive strength using then testing standards and the use of 150 mm by 300 mm 
cylinders. At the time, concrete would have likely been placed by hoists and buckets, as was the case for 
the construction of Australia Square in 1967 and the Park Regis in 1968 (2). Concrete strengths in situ that 
were achievable at the time were reported to be around 25 MPa to 35 MPa (3). There are many references 
in the published literature referencing lightweight concrete with densities around 1750 kg/m3 in commercial 
concrete supplied at the time, noting that standard concrete densities ranged between 2300 kg/m3 to 2400 
kg/m3 (Error! Bookmark not defined.). Use of concretes incorporating these lightweight aggregates 
became less common in the early 1970s.

2. Design Requirements 
The project consisted of an existing 50-year-old building structure that was redesigned as part of a new 
building development in Australia, which required a design life of a further 50 years. The work involved an 
assessment of the 50-year-old concrete to ensure that it remained serviceable for a further 50 years. A 
significant portion of the engineering works revolved around the adaptive reuse of the existing concrete core 
walls. The original drawings noted the core walls were designed and constructed using compressive 
strengths ranging between 21 MPa and 38 MPa.

To validate the existing design drawings, an in-situ characteristic compressive strength was required to be 
determined. Extensive investigations and analyses were undertaken on the existing core walls to determine 
appropriate values to be implanted within the structural design.



3. In-situ Compressive Strength

3.1 Evaluation of Characteristic Compressive Strength
Characteristic strength (f 


c), as defined by AS 3600–2009 Concrete Structures, is the strength which is 

exceeded by 95% of the concrete in an existing building (also known as the 5th fractile). 

In a new build, characteristic strength is nominated by the engineer, and it is the supplier’s responsibility to 
ensure 95% of the concrete supplied exceeds f 


c at a specified time, usually 28 days. Requirements to 

achieve this are set out in AS 1379 – 2007 Specification and Supply of Concrete. Compliance is tested 
using standard cylinders under specific controlled conditions. In-situ concrete, in comparison, is subject to 
conditions on site that are less controlled. It will have a strength less than that of standard cylinders. Design 
equations take this into consideration, by applying a conversion factor, to convert from standard cylinder 
strength to in-situ strength. This conversion factor varies across standards and for AS 3600-2009 is 0.9.

Ideally, in-situ strength would be tested using cylinders filled with concrete delivered to the site and subject 
to the same compaction, curing, temperature and ageing as the concrete in the structure. In lieu of this, core 
samples are taken and tested for strength. This introduces error because core samples are not always the 
same diameter and length as cylinders, are subject to damage during the drilling operation, have surfaces 
that contain cut aggregate, and may contain micro-cracks due to stresses in the structure, among other 
issues. Where possible, this error must be corrected, to arrive at the best estimate for in-situ strength. 

The resulting 5th fractile calculated produces an in-situ characteristic strength which, as mentioned, is less 
than the characteristic strength based on standard cylinders. In-situ characteristic strength should therefore 
be factored up to determine characteristic strength for use in design equations. 

3.2 Methods for Evaluation of In-situ Concrete Strength
Recognised standards and/or guides for the evaluation of in situ concrete strength at the time of this 
assessment included;

 CIA Z11 2002 Evaluation of Concrete Strength by Testing Cores (which was withdrawn at the time 
of design and replaced in 2021)

 EN 13791:2007 Assessment of in-situ compressive strength in structures and precast concrete 
components

 BS 6089:2010 Assessment of in-situ compressive strength in structures and precast concrete 
components – Complementary guidance to that given in BS EN 13791

 ACI 214.4R-10 Guide for Obtaining Cores and Interpreting Compressive Strength Results

Each of these methods was assessed as part of the design process to determine an appropriate approach 
for the project.

3.2.1 CIA Z11-2002

CIA Z11-2002 (which was withdrawn at the time of design and replaced in 2021) assumed that 
core test results are not normally distributed, and the 5th fractile is calculated using non-
parametric statistics (4). Results are ranked from smallest to largest and a normal distribution 
assumption is used to select the 5th fractile of the ranks. It does not provide any insight on how 
likely these values are to reflect the population characteristics. Z11-2002 allowed for 
corrections to core testing results based on length-to-diameter ratio, reinforcing bar in the core 
and position of the core axis relative to the standard cylinder axis. Since this standard was 
withdrawn, analysis using this method was not considered. CIA Z11 has since then reviewed 
and replaced in 2021 providing a new method for analysis more aligned with European and 
ACI methods.

3.2.2 EN 13791-2007

EN 13791 is based on an operating characteristic of form f 


c ≤ fmean – λ.s, where s is the standard 

deviation of the sample and λ is determined from tables (5). While two methods of analysis are 
provided, dependent on if there are more or less than 15 samples, the presented method for 
low sample numbers has been considered illogical as it reduces the effective standard 



deviations as the number of samples reduces. Thus, the use of a value for λ of 1.48 is 
recommended for all cases (6). The concrete strength is the lowest of: 

 Core mean – 1.48s
 Lowest core strength + 4 MPa

For concrete evaluated according to EN 13791:2007 assumptions are made that where the in-
situ strength is determined from cores and testing a core with a nominal diameter of at least 
100 mm and not larger than 150 mm and with a length-to-diameter ratio equal to 2.0 gives a 
strength value equivalent to the strength value of a 150 mm by 300 mm cylinder manufactured 
and cured under the same conditions.

3.2.3 BS 6089:2010 

BS 6089 requires an alternative statistical approach to that provided in EN 13791 and is based 
on the t-statistic to determine the 5th fractile. This assumes a normally distributed population, 
and that the variance of the sample provides a good estimate of the standard deviation of the 
population.

This is not a statistical tolerance interval, so we are not given any indication as to how likely it 
is that the 5th fractile will bind 95% of the population. For large samples, the approach will yield 
the same results as the ACI approach using a 50% confidence limit (Wheeler, 1996).

BS 6089 recommends testing for outliers, and where these outliers are defective due to a crack 
in the core sample, should be excluded from the strength assessment. If the outlier is simply a 
low result, this should be included in the strength assessment.

Characteristic strength in BS 6089 is defined in Table 3 of that report as the in-situ 
characteristic strength divided by 0.85.

3.2.4 ACI 214.4R-10

ACI 214.4R-10 provides a method to calculate f 


c, where f 


c is the 10th fractile (7). This differs 

to the definition required under AS3600 as the 5th fractile. Prior to the calculation of f 

 c, ACI 
suggests tests for outliers, and in addition a “t-test” to verify whether sets of cores can be 
grouped together, or are significantly different, and should therefore be assessed separately. 
Core strength correction factors are provided based on length, diameter, moisture content and 
drilling damage to convert from core strength to in-situ strength. To calculate characteristic in 
situ strength two methods are given.

The first method is a form of statistical tolerance interval of form f 

 c,i = fmean – K.s, where f 

 c,i 
represents the in-situ characteristic strength, s is the standard deviation of the sample, and K 
is a factor used to estimate the 10th fractile of the population for a given confidence. It assumes 
the concrete strength is normally distributed, and that the variability of the core tests is the 
same as the variability of the strength in the structure. Values of K are provided for three 
confidence levels, 75%, 90% and 95%. ACI 214.4 stipulates these levels are for ordinary 
structures, very important buildings, and crucial components in nuclear power plants 
respectively. ACI 228 suggests a value of 75% is widely used in practice (8). The statistical 
tolerance method is based on a normal distribution, but it has been shown that for small values 
particularly n  10 the method is overly conservative, and a non-central t distribution should be 
used instead (9).

The second method proposed by ACI 214.4, termed the “alternate method” is based on 
estimating the mean value of in-situ strength based on the t-statistic for a given confidence 
level, and then reducing this to find the 10th fractile based on an assumed variability. The key 
assumption is that the variability which has been tested in other structures and members in 
laboratories is the same as the variability in the structure being tested. 

ACI 214.4 suggests that calculated characteristic in-situ strength be used directly as the 
characteristic strength for design. The rationale behind this is based on research which found 
in-situ strength for walls or columns represented the 13.5th fractile compared to the 10th fractile 
characteristic strength (10). In other words, 13.5% of in-situ concrete is expected to fall below 



the characteristic strength, compared 10% of cylinder strengths. On this basis, ACI 214.4 does 
not factor up in-situ strength to a design strength.

3.3 Method for Concrete Strength Evaluation Adopted within Design
Considering the various recognised methods for the analysis of in-situ concrete strengths, the authors 
adopted a modified version of ACI 214.4. The authors chose not to use the methods outlined in BS 6089, 
EN 13791 and CIA Z11-2002 for the following reasons:

 BS 6089 does not make explicit the confidence with which an interval (f 

 c) is calculated, and the 
method used is more appropriate for the estimation of statistical parameters, not tolerance intervals. 

 EN 13791 is inconsistent with respect to standard deviations for small samples. In addition, the 
corresponding K factors in comparison to ACI 214.4 and BS 6089 and AS 1379 are low, and there 
are arguments to suggest it is more appropriate to use as a method to prove concrete meets 
specifications, than to test for actual strength (Steenbergen & Vervuurt, 2012). 

 CIA Z11-2002 was based on the Concrete Society Technical Report (CSTR), and research by 
Ashby and Leshchinsky (4). CSTR was subsequently superseded by EN 13791 in 2007, and Z11-
2002 was withdrawn in 2016 before being replaced in 2021.

3.4 ACI 214.4 Method of Analysis
Following the assessment of various recognised methods for the evaluation of in-situ concrete strengths, 
the authors opted to evaluate the concrete strengths using a modified version of the method outlined in ACI 
214.4. The steps for analysis are outlined below:

1. Core values are multiplied by 1.06 to account for damage due to coring.
2. The sample mean strengths are then calculated according to the following formula.

ᵅ�ᵅ� =
1
ᵅ�

ᵅ�

∑
ᵅ� = 1

ᵅ�ᵅ�ᵅ� (1)

3. The sample standard deviation of the in-place strength, Sc, was obtained from the following 
equation.

ᵆ�ᵅ� =
ᵅ�

∑
ᵅ� = 1

(ᵅ�ᵅ�ᵅ� ‒ ᵅ�ᵅ�)2

(ᵅ� ‒ 1) (2)

4. The standard deviation of in-situ strength due to the empirical nature of strength correction factors, 
Sa, was obtained from the following equation. ACI also has factors relating to l/d, core diameter, 
and moisture content, but these were not required in this calculation.

ᵆ�ᵄ� = ᵅ�ᵅ� ᵄ�
2
ᵅ� (3)

5. The overall uncertainty of estimated in-situ strengths is a combination of sampling uncertainty and 
uncertainty caused by strength correction factors. These two sources of uncertainty are statistically 
independent, and so the overall standard deviation was determined using the following equation.

ᵆ�ᵅ� = ᵆ�2ᵅ� + ᵆ�2ᵄ� (4)
6. The Tolerance Factor Method was used to determine the lower tolerance limit of the in-place 

strength data. K was adjusted to give the 5th fractile. A confidence level of 75% was adopted based 
on a number of factors including;

a. inherent levels of confidence in BS 6089 of 50%.
b. comparison with AS 1379.
c. the degree to which the bounds must be increased (and therefore f 

 c decreased) as 
confidence levels are increased are disproportionate. Adopting a 99% confidence level for 
example leads to extremely low, impracticable values of f 

 c. A balance between confidence 
and reality must be achieved.

d. A sensitivity analysis of resulting f 

 c and core results.
e. Guidance in ACI 228 suggests that 75% is widely used in practice.



ᵅ� = ᵅ�ᵅ� ‒ ᵃ�ᵆ�ᵅ� (5)
7. The equivalent design strength f 

 c,eq, was calculated using the following equation.

ᵅ� '
ᵅ�,ᵅ�ᵅ� = ᵅ�ᵅ� ‒ (ᵃ�ᵆ�ᵅ�2) + (ᵄ�ᵆ�ᵄ�2) (6)

8. Strengths were factored up by 0.9 which is the in-situ conversion factor in AS 3600. The effect of 
this factor is similar to the provisions of ACI 318M-14 clause 27.3.2.1. An upper limit of f 

 c = fis,lowest 
+ 4 MPa was also adopted. This is not a requirement in ACI 214.4 but is given in BS 6089 and 
EN13791 to ensure a very low result governs.

4. Non-Destructive Testing

4.1 Schmidt Hammer
Testing was performed using a Schmidt hammer which measures the rebound of a spring-loaded mass 
impacting against a concrete surface. Twelve readings were taken, and the device is held perpendicularly 
to the surface to be tested and measures the hardness of the concrete. This is required to obtain an average 
and standard deviation calculation. The results are correlated to the compressive strength results of the 
same concrete in order to estimate the compressive strength of elements that have not had compressive 
strength testing performed on them.

4.2 Schmidt Hammer Testing Results
Schmidt hammer testing was carried out to evaluate the core walls where concrete coring was not planned 
and to identify variations within concrete strengths across a given level. Schmidt hammer readings (Q 
values) obtained for the Core Wall are shown in 
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Figure 1. Outliers in 
readings (Q values) were identified by calculating those Q values that were 1.96 standard deviations away 
from the mean values for each group of strength levels. These outliers are identified as red points in 
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Figure 1 and 
highlight walls with low strength. 

The Schmidt hammer testing identified a clear region of low-strength concrete. As a region of low strength 
was identified in the core walls, detailed, destructive testing was undertaken to validate these observed 
results.
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Figure 1.  Core wall Q values.

5. Destructive Testing

5.1 Concrete Core Sampling
Concrete core sampling was completed on the core walls to validate the design strengths provided in the 
original drawings. Preliminary core sampling was initially completed to supplement the Schmidt Hammer 
testing and validate the design drawings. 



Concrete cores were secured from concrete by using a core drill to a 2:1 length-to-diameter ratio where 
possible with a minimum diameter of 75 mm, in accordance with AS 1012.14 (11). The concrete cores were 
tested at a NATA-approved laboratory.

5.2 Concrete Core Sampling Results
Schmidt Hammer testing identified areas of low strength where coring had not been completed. This 
highlighted significantly low strengths and triggered significant additional coring to validate the potential low 
strengths.

Individual core results are illustrated in 
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Figure 2 
against the original design strength groupings and calculated in-situ strengths using the modified ACI 

214.4 method. The additional core sampling clearly highlights that the strength grouping in some levels 
was significantly below its original design value.

5.3 Recommended Design Strengths
Schmidt hammer testing and concrete core sampling were undertaken to validate the original design 
drawings. Testing results were used to calculate an equivalent in-situ characteristic strength using a 
modified version of ACI 214.4. Calculated design strengths are provided graphically in Figure 2 with the 
testing highlighting that the in-situ concrete strength of the core walls varied significantly in some locations 
to what was nominated on the original design drawings. This is particularly apparent on Level 27, where an 
in-situ strength of 12 MPa was calculated, being 50% of the strengths noted on the original design drawings.
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Figure 2.  Compressive strength of core walls.

6. Structural Analysis
In order to simulate the actual structural behaviour of the structure and the complicated time dependant 
interactions and differential movements between the different structural elements at different stages of the 
construction, a nonlinear staged finite elements analysis was performed in CSI ETABS. The in-situ 
properties of the existing concrete elements were determined in previous sections by destructive testing. 
The time dependant properties of the concrete including shrinkage and creep were determined in 
accordance with the Australian Standards and considered as an input in the finite element model. This 
detailed model which included the in-situ material properties gave an exceptional opportunity to the design 
team to understand the behaviour of the structure during the redevelopment, thereby reducing the risk of 
potential damages during construction. The expected vertical and horizontal movements of the tower were 
calculated using the finite element model. To verify the building movements and accuracy of the finite 
element analysis, several monitoring instruments including accelerometers, tilt sensors, strain gauges and 
positional survey points were installed at different locations of the tower. A satisfactory correlation was found 
between the numerical analysis and site measurements, however, the finite element model was calibrated 
progressively to represent site conditions and reduce the design risk.

7. Conclusions
Designers are well aware of the design strengths of concrete. They generally gain guidance from relevant 
codes and standards for concrete strengths and suppliers provide materials that generally exceed these 
strengths. More frequently, designers are being requested to determine the strength of existing structures, 
either to determine conformance with specifications or to determine appropriate strengths to be utilised in 
the design process. Substantial differences exist when evaluating concrete strengths from a new building 
to that of an existing building and these are outlined within this paper.

The use of core data presents many challenges and factors that affect the obtained results. In the present 
study, several recognised codes and standard methods for the evaluation of core data have been reviewed 
including CIA Z11-2002, EN 13791, BS 6089:2010 and ACI 214.4. Considering these various recognised 
methods for the analysis of in-situ concrete strengths, the authors of this paper adopted a modified version 
of ACI 214-4 for the analysis of an existing 50-year building.



The authors adopted a combination of non-destructive testing (Schmidt hammer) and destructive testing 
(core sampling) to evaluate the in-situ strength of the core walls which was analysed using the modified 
version of ACI 214.4. 

This Project highlighted that the information provided on the design drawings isn’t always a reflection of the 
structure. The authors note the importance of undertaking detailed investigations and analysis of the in-situ 
concrete where an existing structure is to be modified or re-used.
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