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Abstract  Coring is considered to provide the best 
estimate of concrete compressive strength in existing 
structures and is commonly used to calibrate 
Non-Destructive and Moderately Destructive Techniques. 
Historical concrete, produced in the pre-code period until 
the ‘20s, significantly differs from modern concrete due to 
lack of standardization, improper rules of thumbs and to 
aggregate shape (round, smooth and often excessively 
large aggregates) and proportioning. Therefore, the 
applicability of the procedures calibrated on modern 
concrete to a historical one, also coring, is an issue that 
needs to be discussed. In this paper, an experimental 
campaign on historical-like concrete, i.e. with the same 
defects as historical concrete, aims at identifying the 
reliability of drilled cores due to the effect of round 
aggregates. The results show that standard procedures 
commonly used on modern concrete cannot be directly 
applied to historical concrete: drilled cores suffer from 
scale effects (core diameter) and from cutting damage of 
the material much more than modern concrete. In detail, 
the core-to-cubic ratio, that modern codes assume in the 
range 0.70-0.85, due to the dimension and shape of the 
aggregates is found inside a larger range, 0.70-1.00, and, as 
opposed to modern concrete, is found to be decreasing as 
concrete strength increases. Besides, the diameter of the 
core is found to have a relevant effect on the estimate of the 
material compressive strength and on the core-to-cubic 
strength ratio, pointing out that the dimension of the core 
affects the results much more than for modern concrete. 
This latter result, which needs further research, points out 
that historical concretes may be rather different from 
modern ones and probably need larger cores to be drilled 
than modern concrete due to the larger dimension of 

aggregates that are often found in pre-code concrete. 

Keywords  Historical Concrete, Compressive Strength, 
Cores, Core-to-Cubic Ratio 

1. Introduction
One of the main drawbacks of coring a reinforced 

concrete structure is the damage induced in the tested 
elements. If you consider a 300x300mm pillar, for 
example, drilling a 100mm diameter core makes the 
average stress field increase some 50% and, even though 
you may fill the core with expansive mortar, the initial 
stress state will never be recovered. This introduces 
permanent damage in the structural element that prevents 
cores from being used extensively, even though they are 
considered to provide the most reliable estimate of 
concrete compressive strength. Alternative methods, 
called Non Destructive and Moderately Destructive Tests 
[1-4], in spite of a huge amount of academic research, are 
not yet able of providing fully reliable estimates and still 
need to be compared and corroborated by core data [4-8, 
among the latest results]. 

The relationship between the core and the 
cylindrical/cubic strength of concrete, i.e. in situ vs 
standard laboratory strength of concrete, has long been 
discussed by the academic community [9-13 among the 
others] and are still nowadays research issues [14-19]. 
Even though several parameters affecting the core 
strength have been studied, modern codes honestly admit 
that: "There is no unique relationship between the 
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compressive strength of a core and the corresponding 
compressive strength of standard-cured moulded 
cylinders. The relationship is affected by many factors 
such as the strength level of the concrete, the in-place 
temperature and moisture histories, the degree of 
consolidation, batch-to-batch variability, the strength 
gain characteristics of the concrete, the condition of the 
coring apparatus and the care used in removing cores. 
Historically, it has been assumed that core strengths are 
generally 85% of the corresponding standard-cured 
cylinder strengths, but this is not applicable to all 
situations", as ASTM C42 [20] states in section 3.5. 
Furthermore, “There is no universally accepted method 
for determining the 10% fractile of the in-place strength", 
as per ACI 214.4 in section 8.4 [21]. 

Historical concrete, i.e. the concrete produced before 
building codes had been issued or before the provisions of 
the codes entered the professional and building practice, is 
somehow more troublesome since it is characterized by 
large and smooth aggregates [22-24], high porosity and 
high inhomogeneity [25-27], all parameters that may 
significantly affect the compressive strength. All these 
“defects”, and mainly the use of large and smooth 
aggregates, add further uncertainty to the compressive 
strength and need a verification if the procedures already 
tested on modern concrete, although affected by some 
approximation, may be applied, and to which extent, to 
historical concrete. 

To gain a further insight in this issue, in this paper, a 
historical-type concrete (large and smooth aggregates, 
excess in water content, low strength), used also for 
calibrating a post-installed insert for pull-out [26] is used 
to compare the strength measured on drilled cores to the 

standard cubic strength. 

2. The Experimental Program 

2.1. Concrete 

Pre-code concretes differ from modern ones because of 
several parameters:  
i). the aggregate mixture was based just on the company 

experience and not any rational proportioning criteria. 
In the Hennebique patent, for example, no provision 
was given about water, which amount was left to the 
building site according to the required workability;  

ii). river gravels were commonly used, being less 
expensive, so that the aggregate surfaces were 
smooth;  

iii). severe excess in water, with water/cement ratio 
sometimes larger than 1.0; 

iv). in general, the compressive strength is rather low for 
residential buildings, in-between 5 to 15 MPa, while 
in industrial and infrastructural facilities 
medium-to-high strength concrete may be found. 

The aggregate mixture for the historical-like concrete, 
defined according to a weight criterion, assumed 50kg of 
round coarse aggregate (max φ = 30mm) + 50kg of 
crashed medium aggregates (max φ = 15mm) + 25kg of 
crashed fine aggregates (max φ = 3mm) + 25kg of sand 
(max φ = 0.5mm), resulting in the sieve curve of figure 1. 
It can be seen that pre-code concretes, as the one used in 
the tests, exhibit grading curves above the Fuller limits 
that are nowadays used for aggregate proportioning. 

 

Figure 1.  Granulometric sieve curve of the historical-like concrete used compared with the limit Fuller curves [29] 
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a)                                          b)                                          c) 
Figure 2.  Cross sections of: a) concrete produced for this research; b) cross section of a core extracted from a structure built by Porcheddu Building 
Company (residential building in the park of Villa Grüber, Genoa (Italy), 1920-1930 approx.); c) lateral surface of a core extracted from a residential 
building built in the ‘20s 

Table 1.  Concrete strength and mixtures for the 5 historical-type concrete 

Concrete mix Cement  
[kN/m3] 

Cement  
/batch [kg] Water/Cement ratio Porosity 

[%] Rc,28days 
C.o.V. [%] 
(6 samples) 

Mix_1 2.0  18.2 1.0 8.3 8.4 3.2 

Mix_2 3.0 27.3 0.8 8.6 14.5 2.2 

Mix_3 4.2 38.3 0.6 8.3 25.8 2.8 

Mix_4 5.0 45.5 0.5 7.3 29.9 0.5 

Mix_5 1.5 13.6 1.2 10.0 7.2 9.1 

 

Figure 2 shows two sections: the rectangle, obtained 
from the concrete produced for this research, also visually 
resembles the round section obtained from a Hennebique 
structure (residential villa in Genoa, park of Villa Grüber, 
Porcheddu Building Company) and the lateral surface of a 
core drilled from a residential building built in the ‘20s. 

Table 1 summarizes the main data on the five concrete 
types used, assuming a mix that includes the main defects 
of historical concrete: high porosity and severe bleeding. 
Further details on concrete performances may be found in 
the companion paper [28]. 

2.2. Specimens 

For each type of concrete tested, 250x250x600mm 
prisms were produced along with and 16 cubes 

(150x150x150mm). In the specimen, face A is the one at 
free air, face B and D are the lateral surfaces while face C 
is the bottom one, figure 3, so that the casting direction 
goes from face A to face C. The prisms have been cured 
according to [30] and [31]. 

2.3. Coring 

Considering the cone holes produced by pull-out tests 
[28], 2 large cores (93mm, named C1 and C2 in figure 4.a) 
and 3 small cores (54mm named c1, c2 and c3 in figure 
4.a) could be drilled from each prism in parts of the 
specimens not affected by the pull-out tests. In this way 4 
large cores and 6 small cores could be obtained from the 
two prisms used to calibrate the pull-out test. The cores 
were drilled transversally to the casting direction, figure 4.
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Figure 3.  Identification of the prism faces and cutting plane. 

      

Figure 4.  a) Cores in the prism. The numbers 1 to 3 and 1’ to 3’ refer to the craters left by the pull-out test; C1 and C2 are the locations for the 93mm 
cores and c1, c2 and c3 the smaller 54mm cores; b) coring. 

2.4. Summary 

 5 concrete types were used; 
 standard concrete strength was obtained from cubic 

tests (16/mix) cured in standard conditions; 
 2 prims were produced for each concrete mix and 

cured in the same conditions as the cubes; 
 4 large cores (93mm) + 6 small cores (54mm) for 

each concrete mix (2 prisms/concrete mix) were 
drilled in the area of the specimens left undamaged 
by the pull-out tests of [28]. 

3. Test Results 
As already discussed, a historical-type concrete is 

characterized by an excess in water content. This has two 
main consequences: i) concrete shows a (relatively) high 
porosity, table 1; ii) water blisters are formed either close 

to the upper surface of concrete (the one exposed to open 
air, such as face A in this experimental campaign) and 
may be trapped below some large aggregate, figure 5. 
This is expected to affect the concrete strength for 
water/cement ratio larger than 0.6 [32]. Figure 6 shows 
the lateral surface of two cores of MIX 1 and MIX 5, 
reproducing the phenomena of figure 5.  

Two core diameters were drilled: 93mm and 54mm and 
their strength compared to the cubic strength measured the 
same day, which allowed drawing figures 7 and 8. We can 
observe a general trend in which the core-to-cubic 
strength ratio decreases as the concrete strength increases. 
This is an unexpected outcome since most of the 
references (see [18] and [35] for a comprehensive review 
and [20] and [36] for an up-to-date code approach) on 
modern concrete shows that the core-to-cubic strength 
ratio increases as the concrete class increases, such as in 
figure 7 for [38] among the others. 
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Figure 5.  Effect of water migration inside fresh concrete: a) bleeding 
lens con the surface of an aggregate [33]; b) water blister close to the 
free-air surface [34]. 

 

Figure 6.  a) MIX 1 – w/c = 1.0: high porosity and water lenses on the 
surface of the aggregates. b) MIX 5 – w/c = 1.2: diffused porosity and 
water lenses on the surface of the aggregates. 

In figures 7 and 8 other data are represented: in [36] the 
core-to-cubic strength is reported to lie in-between 0.8 and 
0.87, in [39], on the basis of a data set of 640 tests, the 
average ratio is identified as 0.84 (ranging from 0.60 to 
1.00) independent on the concrete strength. The line set at 
the level 0.70 originates simply from two common code 
provisions [20, 36 and 37]: cylindrical strength as 0.83 
times the cubic one and the core strength 0.85 times the 
cylindrical one, so that 0.03x0.85=0.705≅0.70. 

 

Figure 7.  93mm cores. Core-to-cubic strength vs concrete class 

 

Figure 8.  54mm cores. Core-to-cubic strength vs concrete class 

 

 

Figure 9.  93mm cores – MIX 5. Large and diffused voids as a result of 
the water excess. The arrows show the water lenses close to the surface of 
the aggregates; b) same as a) with detachment of the round aggregates 
from the core. 

Figures 7 and 8 suggest that historical-like concrete is 
somehow different from modern concrete for substantially 
two reasons: i) the large water content is responsible for 
large and diffused voids; ii) the round aggregates are 
easily detached from the core during drilling. These two 
features are clearly shown in figure 9. 

It has to be noted that the complete detachment of the 
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round aggregates from the core is relatively common. 
Even though the aggregates are not removed from their 
position, they may be detached from the core thus being 
responsible of the reduced values of the compressive 
strength. This assumption is corroborated by the results 
for the smaller cores, which are systematically lower than 
the results for the larger cores; the only reason for such an 
outcome is the detachment of the round aggregates which 
effects are amplified by the small diameter. 

4. Conclusions 
The usually accepted cubic-to-core strength, usually 

assumed in-between 0.80 to 0.85, in some cases may be 
rather different, ranging from 0.60 to 1.00 [36]. According 
to some results, [18] and [35] for example, the most 
common value should be 0.80 approximately. All these 
data refer to modern concrete, i.e. with adequate aggregate 
proportioning, proper aggregate quality and proper 
water/cement ratio. Looking at the test results from the 
scientific literature [18, 35-41] we can see that test data 
show a dispersion similar to the one showed in figures 7 
and 8.  

For historical-like concrete, it seems that the effect of 
cutting damage, during drilling, and of the effect of core 
diameter, probably connected to the smooth surface of 
larger aggregates, is much more pronounced than for 
modern concrete. In this research, the core diameter 
affects the results 20% (the 93mm core being more 
resistant than the 54mm one) for low strength concrete 
and some 10% for high strength concrete. These data 
would be in-between 5%-to-8% for modern concrete. 

Considering figure 7, related to the core diameter of 
93mm that fits the code standards [20, 21 and 36] (the 
smaller diameter, 54mm, would be not coherent with the 
dimension of the largest aggregate, 25mm) shows that the 
data provided by codes and literature references are 
somehow coherent with the outcomes of the research. 

A clear effect is the decrease of the core-to-cubic 
strength ratio for increasing concrete cubic strength. By 
elimination, we can argue that this effect could be due to 
the round and smooth surface of the larger aggregates, 
even though more research is due on this issue. The effect 
of large aggregates on the behavior of concrete is not new 
and is still a research issue of the academic community, 
[40-45] among the others. 

The discussion of the test data puts forward a crucial 
issue in Forensic Engineering: “the strength of the 
concrete in a specific structure” may be estimated by 
means of in-situ tests, and drilled cores among these, but 
the answer will never be “exact” and may have an overall 
error as large as ± 20%, which is not a minor issue for a 
forensic investigation. 
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