
ASSESSMENT OF CONCRETE DURABILITY OF NEW PANAMA 
CANAL LOCKS THROUGH THE USE OF RESISTIVITY 

C. Andrade (1), N. Rebolledo (1), F. Tavares (1), R. Pérez (2) and M. Baz (2) 

(1) IETcc-CSIC-Spain; 
(2) GUPC: Grupo Unidos por el Canal (Sacyr) 
 
 
 
Abstract 

Panama Canal connects the Pacific Ocean and the Caribbean Sea, being a crucial 
shortening in the world navigation and international trade. Now 100 years old, the canal is 
insufficient for the new large boats. New parallel locks are being built by a consortium 
“Grupo Unidos por el Canal”, GUPC, whose engineering division is headed by the firm 
Sacyr, S.A. The concrete on the new structure is reinforced as an anti-seismic precaution. In 
its specifications, the Panama Canal Authority, ACP, requires a 100-year service life for the 
so called marine concrete, defined to mean conformity with the 1000-coulomb electrical 
charge set out in ASTM 1202 and application of a reliable method for calculating service life. 

In present paper some of the designed concrete mixes and their performance are described. 
As an alternative to the ASTM 1202 test, resistivity measurements and natural chloride 
diffusion tests were proposed. Additionally the service life calculation was made through a 
program with a numerical model. The relationship between electrical charge and resistivity 
values is discussed, along with the variation in these parameters over time, the chloride 
diffusion values and the "age factor” proved to have an even more critical effect on 
predictions than the diffusion coefficient. The use of the resistivity is a very practical manner 
to control concrete production due to its non-destructive character. 
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1. INTRODUCTION 
Due to its strategic location Panama Canal has constituted a route of cardinal importance 

for world trade. It has around 80 Km in length going from one Ocean to the other: Atlantic 
and Pacific. As the Lake Gatun used as part of the navigation path inside the country is 26 m 
above sea water level, the canal was made by building three locks on each Ocean side to reach 
the lake level as indicated in figure 1. The locks have two parallel chambers in order to have 
the possibility of the simultaneous passing of two ships as figure 1 depicts. The maximum 
size of the ships is 294.1 m in boat sleeve, 32.3 m in boat length and until 12 m in ship draft 
(ships called Panamax).  

 

 
Figure 1: Profile of the hight of the inland Gatun lake an the need to build locks (right part) 

for the navigation. 
 
With a view to an enlargement to accommodate deeper vessels, the Panama Canal 

Authority (Spanish initials, ACP) organised an international competition to build two new 
sets of locks. The works were awarded to the “Grupo Unidos por el Canal” (Spanish initials, 
GUPC), whose engineering division is headed by a Spanish firm, Sacyr S.A. The solution 
selected (figure 2) consisted for construction also contains 3 locks for each Ocean side 
entrance. With the construction of new chambers for the water recycling 60% of the water 
used will be saved. This recycling decreases the loss of fresh waters of Lake Gatun into 
Oceans. The end of the construction was commissioned for 2014 to celebrate the centenary of 
the old canal, but it was not achieved, being beginning of 2016 the foreseen end. 

 
Figure 2: Proposed new locks with side water saving basins 
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The Panama Canal Authority’s, ACP, specifications require a 100-year service life for the 
concrete in all members, defined to mean conformity with the 1000-coulomb for electrical 
charge set out in ASTM 1202 [1] and application of a reliable method for calculating service 
life. They also establish a series of requisites to minimise heat of hydration-induced cracking 
in the concrete and cover depths of around 10 cm. 

The works were begun in 2011, with a laboratory in charge of verifying compliance with 
the 1000-coulomb electrical charge and calculating the 100-year service life. After conducting 
initial trials with different mixes, in May 2011 the GUPC consortium contacted some of the 
authors of this communication to study the possibility of using alternative approaches to 
prove compliance with the specifications. The IETcc suggested: a) different prime materials 
and batching to manufacture a series of alternative concrete mixes; b) the testing of natural 
chloride diffusion (ponding tests) and continuous monitoring by measuring electrical 
resistivity over time; and c) the use of LIFEPRED, a numerical model [2]developed at the 
institute for calculating service life based on Fick’s law [3-7]. 

To predict chloride ingress is controversial in spite that several models were proposed in 
the last years [8]. Present paper describes the research conducted for some of the mixes 
designed in which the electrical charge and resistivity were obtained, as well as the diffusion 
coefficients by the ponding tests. The service life values yielded by the LIFEPRED numerical 
model and the resistivity model are also given. The relationship between electrical charge (in 
coulombs) and resistivity values is discussed [9-11], along with the variations in these 
parameters over time, the chloride diffusion values obtained in parallel and the "age factor” 
[12], whose effect proved to have an even more critical effect on predictions than the 
diffusion coefficient. The results indicate that continuous resistivity monitoring is a cost-
effective way to ensure compliance with owners’ durability requirements. 

2. EXPERIMENTAL 
The methodology applied is illustrated here with only four mixes of each side of the 

country: A for Atlantic and P for Pacific (A3 and P3, A11 and P11, A50 and P50 and A56 and 
P56), representative of the over 50 studied.  Their compositions are listed in Table 1.  
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Table 1: Composition of four concrete mixes studied 

Plant Atlantic Pacific 

GUPC Code SMC-A3 SMC-
A11 

SMC-
A50 

SMC-
A56 SMC-P3 SMC-P11 SMC-

P50 
SMC-
P56 

Mix 

5796  1372 5777 6850 823 5067 5434 5481 

375 
(23PN 
0SF) 

375 
(15PN 
5SF) 

330 
(12.5PN 
5.8SF) 

332     
(13.0PN 
0.0SF) 

375 (23PN 
0SF) 

375 
(15PN 
5SF) 

330 
(12.5PN 
5.8SF) 

332     
(13.0P

N 
0.0SF) 

Cement 
 

Type Panama 
CEM II 

Panama 
CEM II 

Panama 
CEM II 

Panama 
CEM II 

CEMEX 
CEM II 

CEMEX 
CEM II 

CEMEX 
CEM II 

CEMEX 
CEM II 

kg/m3 288.75 300 264 289 288.75 300 264 289 

Pozzolan kg/m3 86.38 56.3 47 43 86.87 56.3 47 43 

Silica 
fume kg/m3 - 18.8 19 0 - 18.8 19 0 

w/c ratio - 0.30 0.29 0.34 0.34 0.35 0.3 0.34 0.34 

Superfine 
Sand kg/m3 4.5 4.5 49 49 4.31   4.5 49 44 

Fine sand 
( 0 – 4.75 

mm) 
kg/m3 

567.5 
+206.25 
=773 75 

573+211 
= 784 686 716 522.5+217.5 

= 740.0 
535+220 

= 755 686 703 

aggregate 
(4.75 – 19 

mm) 
kg/m3 1296.25 1394 1324  1272 1321.25 1312 1354 1342 

28-day 
strength MPa 50.1 

49.5 
57.8 
58.1 

52.1 
51.5 

42.6 
41.3 

53 
53.8 

61.4 
61.0 

38.6 
40.9 

45.3 
44.5 

 
Cement type CEM II (ASTM) was used, with additions such as natural pozzolan and silica 

fume. A “superfine” fraction of sand with pozzolanic properties was also employed, although 
for batching purposes it was regarded as an aggregate rather than a mineral addition. The w/c 
ratio was on the order of 0.3. The 15x30-cm cylindrical specimens studied were prepared at a 
real plant in Panama, where they were cured in a humidity chamber for 28 days and later 
sealed in water-tight packaging for continued curing and shipped to Madrid, where they 
arrived 38 days after casting.         

Upon receipt of the materials, three specimens of each composition were tested by means 
of the chloride penetration (ASTM C1543) [13] and for voids volume by ASTM C 642. 
Porosity by mercury intrusion porosimetry (MIP) was measured on a Micromeretics 
PORESIZER mercury intrusion porosimeter. Concrete resistivity was determined by Wenner 
four-point test, described in Spanish standard UNE 83988-2, was chosen (figure 3) [14]. The 
non-steady state diffusion coefficient and the chloride concentration on the concrete surface 
were calculated by applying Fick’s second law of diffusion (Equation 1). 

 

 

(1) 

4



 

 
Figure 3: Resistivity measured with a four-point resistivimeter. 

 
The salinity of the chambers is around 30 g/l in the wing walls in contact to the oceans, the 

between 15 to 20 g/l in the lower cambers, less than 5 g/l in the Moderate chamber and less 
than 1 g/l in the upper chamber. 

The LIFEPRED model in one-, two- and three-dimensional versions were developed, 
although the 3-D version is not discussed hereunder. Unlike other models which assume a 
semi-infinite medium, LIFEPRED assumes a finite medium due to the presence of reinforcing 
steel. This characteristic induces substantial variations in the results if the cover is small 
because in that case the chloride accumulates on the bar surface. The program can also handle 
data on variations in temperature and environmental humidity. Either a characteristic or 
several “age” factors can be entered and the ceiling concentration can be visualised 
separately.  The user interface, with very few data entry screens, is highly intuitive. 

The operating sequence is as follows: a) generation of geometry and bar position; 2) 
determination of geometry mesh size; 3) data entry: material characteristics; 4) data entry: 
surface concentration, age factor and temperature; 5) processing; and 6) delivery of results in 
graphic form (Figure 2). 

2.1 Resistivity-based model  
The model developed [10, 12] to calculate the service life from resistivity, based on the 

28-day value in water-saturated conditions was applied. The model was able to calculate the 
corrosion propagation period. For the present purposes, only the time to reinforcement 
depassivation, i.e., the first term in Equation 2, was used: 
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Where x= cover depth, ρef= effective or nominal resistivity; ρm= mean resistivity in the  
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Specific climate; rCl,CO2 = chloride-cement paste reaction factor; FCl,CO2 = environmental 
factor that depends on the chloride content in the environment; q= age factor governed by 
progressive cement hydration; Pcor= depth of corrosion in the reinforcement bar; 𝜉𝜉 = 
environmental factor that depends on climate and kcor= constant that relates resistivity to 
corrosion rate.  

In addition to the resistivity value in water-saturated 28-day concrete, service life 
calculations with this model call for:  1) periodic resistivity readings to find the age factor, q; 
2) calculation of the chloride reaction factor from the multi-regime test; and 3) identification 
of the environmental factor to be applied. 

3. RESULTS 
The resistivity values over time are shown in Figure 4 left, while Table 3 gives the age 

factors obtained from 38- and 120-day data. The 38- and 120-day diffusion coefficients are 
shown in Figure 3 right for all the mixes except A3 and P3, for which tests were conducted on 
the 14-month materials only. 
 
Table 2: Age factor values found from variations in resistivity over time 

38/120-DAY RESISTIVITY AGE FACTOR 
SMC-A11 SMC-P11 SMC-A50 SMC-P50 SMC-A56 SMC-P56 

0.492 0.584 0.349 0.609 0.629 0.718 
 
 

    
Figure 4: LEFT- Resistivity values up to 200 days and RIGHT- Diffusion coefficients at 38- 
and 120-day for all mixes except A3 and P3 (tested after 14 months only). 

4. DISCUSSION 
As noted earlier, further to the specifications, the only requirements to be met by the 

concrete were a 1000-coulomb at an undetermined age, and proof of a 100-year service life by 
application of a computer model. The two requirements were independent of one another and 
had to be confirmed simultaneously, subject to the condition that a 100-year service life could 
not be inferred from compliance with a maximum electrical charge of 1000 coulombs. 

A different approach was submitted to prove these requirements 1) Based on the 
equivalence between electrical charge in coulombs determined as per ASTM standard 1202 
and resistivity, the proposal entailed replacing continuous mix monitoring for the former with 
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resistivity measurement which, as a non-destructive method, can be used to monitor one and 
the same specimen over time, 2) Natural diffusion measured in ponded specimens, not 
initially envisaged, was proposed as the source of actual chloride penetration to be entered in 
a model based on Fick’s law of diffusion and 3) Lastly, in light of the relationship between 
resistivity and apparent diffusion coefficients, the resistivity age factor was confirmed to be 
equivalent to actual penetration measurements at several ages for service life calculation 
purposes, and to yield very similar values, in general. Hence, although a different 
methodology than specified in the ACP specifications for concrete was applied; the 
comparisons made showed that resistivity is a parameter apt for monitoring concrete 
durability in situ. 

The relationship between the electrical charge in coulombs defined in the ASTM 1202 test 
and resistivity is graphed in Figure 5 for one of the samples:  ρ (Ωm) = 200000/ Q.. The 
regression coefficient was generally high for the equation fitted to the data. 

The relationship obtained for the apparent diffusion coefficient, Dns, shown on the right in 
Figure 5, derives from Einstein’s equation that relates diffusivity to conductivity [9]. On the 
other hand, the values found with LIFEPRED program for the mixes studied.  Three cover 
depths were analysed: 100, 125 and 150 mm. The cover depth required to comply with the 
1000-coulomb requirement (equivalent to 200 Ωm) could be found for each chamber or 
salinity level on the grounds of these calculations.  
 

  
Figure 5: Left- relationship between electrical charge in coulombs and resistivity; and right- 

relationship between resistivity and the 38- and 120-day apparent diffusion coefficients. 
 

Service life was also computed with the resistivity model (Equation 2) using only the 
initiation period, for the limit state defined by the ACP was the absence of corrosion after 
100 years. As the hypothetical cases in Figure 6 shows, very similar results were found with 
the two models, which alternately and indistinctly delivered the more conservative prediction. 
The explanation is to be found in the predictive component of the resistivity model, which is 
based on the square root of time, therefore respecting the quadratic relationship between 
distance travelled and time.  
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Figure 6: Left- comparison of the LIFEPRED and resistivity models for mix A11; right- 

comparison for mix A50 of resistivity model to LIFEPRED using the aging factor between 
38/120-days and LIFEPRED using the Dns value obtained from ponding at 120-days. 

5. CONCLUSIONS 
The conclusions that can be drawn up are of different nature. On the proposal to substitute 

the method of ASTM 1202 by the resistivity with a non-destructive character it can be 
deduced that:  

• There is a constant equivalence between coulombs with resistivity. 200 Ωm =  1000 Q. 
• Resistivity serves for: 

–  the monitoring of the quality control of the concrete production 
– The monitoring of the aging factor 
– The verification on site of the fulfilment of the 200Ωm 
– The prediction of service life. 

• Also there is an equivalence between resistivity and  Dap obtained by natural diffusion 
With respect to the mixes tested: 
• The concrete mixes adopted with the corresponding cover depth have shown > 100 

years of life in the predictions  

ACKNOWLEDGEMENTS 
The authors gratefully acknowledge the assistance received from GUPC and CICP, a 

private company, in conducting the study, as well as ACP’s willingness to accept new 
approaches to service life calculations. Funding provided by the Spanish Ministry of 
Education and Science (now Ministry of the Economy and Competitiveness) for the 
Consolider SEDUREC project of “Safety and Durability of Construction Structures” under 
which some of the basic work to develop LIFEPRED was performed. 

REFERENCES 
[1] ASTM 1202 (2010). Standard Test Method for Electrical Indication of Concrete’s Ability to resist 

Chloride Ion Penetration. Annual Book of ASTM Standards. 
[2] C. Andrade and F. Tavares LIFEPRED. Service Life prediction program. 2012. 

8



[3] Tuutti, K., “Corrosion of steel in concrete”, Swedish Cement and Concrete Institute (CBI) nº 4-
82. Stockholm (1982). 

[4] Baroghel-Bouny V., Wang X. and Thiéry M. Prediction of chloride binding isotherms by 
analytical model or numerical inverse analysis-Proceedings of the 2nd Symposium on Service 
Life Design for Infrastructures. (DBMC Service life). Delft University of Technology. October 
(2010). 

[5] Saetta A., Scotta R., Vitaliani R., - Analysis of chloride diffusion into partially saturated 
concrete24- ACI Materials Journal 90 (1993) 441–451. 

[6] Sagüés A.A., - Modeling the Effects of Corrosion on the Lifetime of Extended Reinforced 
Concrete Structures -Corrosion -October (2003) 854-866. 

[7] Mangat, P.S., Molloy, B.T-Predicting of long term chloride concentration in concrete. Materials 
and Structures, 27, (1994) 338-346. 

[8] Gulikers, J. (2004), Critical evaluation of service life models applied on an existing marine 
concrete structure. -NORECON Seminar 2004: Repair and Maintenance of Concrete Structures, 
Copenhagen April 19-20, (2004). 

[9] Andrade, C. (1993). -Calculation of chloride diffusion-coefficients in concrete from ionic 
migration measurements. -Cement and Concrete Research 23(3): 724-742. 

[10] C. Andrade. 2004, Calculation of initiation and propagation periods of service-life of 
reinforcements by using the electrical resistivity. International Symposium on Advances in 
Concrete through Science and Eng., RILEM Symposium, March 22-24, Evanston (Illinois, USA). 

[11] Andrade C., Whiting D. A comparison of chloride ion diffusion coefficients derived from 
concentration gradients and non-steady state accelerated ionic migration- Materials and structures, 
RILEM, vol 29, October 1996, pp476-484. 

[12] C. Andrade, M. Castellote, R. D’Andrea - Measurement of ageing effect of chloride diffusion 
coefficients in cementitious matrices- Journal of Nuclear Materials, 412 (2011) 209-216. 

[13] ASTM C1543-  10a Standard Test Method for Determining the Penetration of Chloride Ion into 
Concrete by Ponding 

[14] Pr-UNE 83988 - 1 Test methods for concrete durability. Determination of the electrical resistivity. 
Four points or Wenner method. 
 

9


	ASSESSMENT OF CONCRETE DURABILITY OF NEW PANAMA CANAL LOCKS THROUGH THE USE OF resistivity
	1. Introduction
	2. Experimental
	2.1 Resistivity-based model

	3. RESULTS
	4. DISCUSSION
	5. CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES



