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EFFECT OF NON LINEAR BINDING ON DETERMINATION OF PORE WATER CHLORIDE IN CONCRETE BY IN-SITU LEACHING

L. Cáseres and A.A. Sagüés
Department of Civil and Environmental Engineering, University of South Florida, Tampa, FL 33620, U.S.A.

ABSTRACT

In situ leaching (ISL) into small cavities (~3.5 mm diameter and ~35 mm deep) drilled in concrete can serve to determine pore water ionic content as a less demanding alternative to the pore water expression (PWE) technique. Recent investigation has indicated that chloride binding by the cementitious phases may be beneficial in accelerating the trend toward equilibration between cavity water and the surrounding pore water when applying ISL to free chloride determination. In the present work modeling calculations of diffusional transport of chloride into the cavity are extended to quantify the extent of acceleration expected in the presence of non-linear binding. A Langmuir binding isotherm is assumed and calculation results are given as function of the isotherm parameters on a range representative of typical concrete conditions. Ranges of practical applicability of the ISL technique to concretes used in common practice are presented.
RESUMEN

El método de lixiviación in situ (LIS) por medio de pequeñas cavidades (~3.5 mm de diámetro y ~35 mm de profundidad) hechas en el concreto puede ser una alternativa más simple que la técnica de extracción a altas presiones para determinar la composición iónica de la solución de poros. Investigaciones recientes han demostrado que el ligado de los cloruros a ciertos compuestos del cemento puede ser beneficioso,  acelerando el equilibrado del agua en la cavidad y la solución de poros adyacente cuando este método se usa para determinar la concentración de cloruros libres. En este trabajo, el transporte difusivo de cloruros en la cavidad se modela con el fin de cuantificar el grado de aceleración en la presencia de isotermas no lineares de adsorción de cloruros. Los resultados son expresados en función de los parámetros de las isotermas asumida del tipo Langmuir. También se detallan las condiciones de aplicabilidad de la técnica de LIS para concretos usados comúnmente en la práctica.

1. INTRODUCTION

The in-situ leaching (ISL) technique represents an attractive practical alternative to determine pore water chloride content as opposed to the more disruptive and equipment demanding pore water expression (PWE) method.  In the ISL test the composition of the pore water is estimated from analysis of water in a small cavity that has reached near-equilibrium with the surrounding concrete or mortar.  The concrete/mortar specimen is first allowed to reach near water saturation in a closed CO2-free high relative humidity chamber. After ~30 days of conditioning in the chamber, small equidistant cavities (~3 mm diameter, ~30 mm deep and at least ~20 mm apart) are drilled with minimum disruption of the specimen using a masonry drill bit and concrete dust is carefully removed from cavities. An acrylic washer is then attached to the rim of each cavity with a fast curing epoxy. Next, ~0.25 mL of distilled water is injected and a rubber stopper is tightly pressed into the acrylic washer to isolate the cavity water, which is allowed to evolve toward equilibrium with the surrounding pore water over a sufficiently long time. Periodically, ~20 L of cavity leachate is extracted and analyzed for dissolved species until a terminal condition indicative of equilibrium is approached.

The ISL method is inexpensive, simple to implement in concretes/mortars (Fig.1) of high and low permeability, and causes minimum disruption. However, loss of cavity water into partially saturated surrounding concrete (Sagüés et al 2001) and a potentially lengthy required time toward cavity water equilibration are limitations of the technique.
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Fig. 1: Typical ISL arrangement used for laboratory concrete and mortar samples

The ISL method was initially developed to monitor the pH of the concrete/mortar pore water (Sagüés et al 1997), and later on implemented to measure pore water nitrite concentration (Li et al 1999). Fig.2 shows examples of typical pH and nitrite trends observed in cavities of concrete/mortar with medium to high permeability, where reasonable approximation to the terminal values took place after only ~2 weeks. Recent investigations (Cáseres et al) have demonstrated the applicability of the technique to determine chloride concentration in pore water also within reasonably short experimental timeframes (Fig.3) 
. However, as concrete permeability spans a wide range, it is of interest to obtain a quantitative estimate of how long it may take to obtain usable results with the ISL method under various circumstances. The effect of chloride binding with components such as tricalcium aluminate, which alters chloride transport in concrete, is potentially important (Rasheeduzzafar et al 1992). Preliminary modeling work (Sagüés et al 2001, Cáseres et al) indicated that chloride binding shortens the time to equilibration compared to a simple diffusion (no binding) case. For the simpler case of linear binding, the time needed to reach a given concentration near the equilibrium value was found to be proportional to DF-1 rc2(1+K), where rc is the cavity radius, DF the free chloride (binding absent) diffusion coefficient, and K is the binding coefficient (Sagüés et al 1996). Chloride binding can however be highly non linear in concretes with moderate chloride content (Pereira and Hegedus 1984). Initial modeling work on this issue is extended here to a wider set of parameters under the assumptions presented elsewhere (Cáseres et al).
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Fig. 2: pH and nitrite evolution inside the cavity (PC, Portland cement; FA, Fly Ash; Inhibitor, commercially DCI™ S Corrosion)

[image: image15.wmf](

)

0

,0

r

C

c

F

=


Fig. 3: ISL results obtained in chloride-admixed laboratory mortar samples (Cáseres et al)

1.1. Kinetics of Leaching into Small Concrete Cavities
The governing equation describing the one-dimensional chloride transport (Fig.4) in the concrete bulk with constant diffusivity DF is (Sagüés and Kranc 1996, Nilsson et al 1994):
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	(1)


where r is the distance from the center of the cavity, t is the leaching time, dCB/dCF is given by the time-invariant Langmuir binding isotherm of the form CB-1=(KCF)-1+CL-1 where K and CL are the binding parameters (Pereira and Hegedus 1984), CB is the bound chloride sorbed to the cement phases, and CF is the free chloride such that the total chloride is CT=CB+CF (concentrations expressed in moles per unit volume of concrete).

At the cavity wall, the cavity water is assumed to be in equilibrium with the surrounding pore water at all times. Thus, the free chloride concentration in the concrete at the cavity wall varies with time as:
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where Vr is the ratio of volume of the cavity VC to volume of water VW inside it and  is the concrete porosity assumed to be constant.

[image: image16.jpg]Mortar 20





Fig. 4: Schematic of the chloride transport (CF0=initial free chloride concentration in concrete)

The model equations can be stated in non dimensional terms using the generalized concentration CG=CF CF0-1, the generalized time T=t DF rc-2, and the generalized distance R=r rc-1. This formulation allows for straightforward assessment of the ISL behavior in the presence or absence of chloride binding. Eqs. 1 and 2 then become:
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subject to the boundary conditions:
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Figs. 5 and 6 show solutions to Eqs. 3 to 5 numerically calculated by means of finite differences for a typical ISL test where =0.1, Vr=3, and CF0=1 kg/m3. Calculations presented in Fig.5 match three linear binding (CL=() scenarios representing cases of soft (K=2), moderate (K=10), and hard binding (K=50), and a no binding base case (K=0). Computations shown in Fig.6 correspond to three representative non linear binding cases all assuming K=10. The first scenario (CL=1 kg/m3) represents conditions near the no binding limit, behavior that may occur if CB was vanishingly small compared to CF in the bulk of the specimen. The second (CL=5 kg/m3) and third (CL=20 kg/m3) cases approximate conditions representative of those reported for concretes with moderate chloride contents (Rasheeduzzafar et al 1992, Tang and Nilsson 1993). In all instances the early cavity water evolution is marked by CG-T slopes of 1/2 in the log-log representation used. That early limit behavior matches the dashed lines in Fig.5, drawn in accordance with the solution by Crank (1975) of diffusional transport from a flat wall into a reservoir of finite volume. That solution adapted to the spatial cavity geometry and linear binding gives CG~4 -1/2Vr (1+K)1/2 T1/2. The significance of the initial slopes for the non linear binding scenarios is still under investigation.

The model results indicate that binding provides substantial acceleration towards the equilibration between the cavity and pore water. For linear binding noticeable acceleration by a factor of ~(1+K) can be achieved for the same DF value in the evolution of CG toward unity. As noted elsewhere (Sagüés et al 2001) this acceleration can be attributed to maintaining a higher gradient of CF near the cavity wall due to the release, during leaching, of previously bound chloride. Consequently, there is a faster chloride buildup in the cavity water compared with the no-binding case.
Even though a value of K=10 is assumed, the results for non-linear binding with CL=1kg/m3 in Fig.6 approach those for the no-binding case (K=0) in Fig.5. This result obtains because the binding limit CL in that case is small, equal to the background concentration CF0 of the concrete. As a result, much of the binding capacity is soon used up and the system behaves as if little or no binding were present. As CL increases to 5 kg/m3 the effect of binding becomes, as expected, more noticeable. For CL=20 kg/m3, greatly exceeding the background concentration, the behavior approaches that shown for the linear binding case with same K in Fig.5.
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Fig. 5: Non-dimensional presentation of the model results for the linear binding cases (=0.1, Vr=3, CF0=1 kg/m3)
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Fig. 6: Non-dimensional presentation of the model results for the non linear binding scenarios (K=10, =0.1, Vr=3, CF0=1 kg/m3)

The results were examined to assess applicability of the ISL technique to concretes used in common practice, in particular to determine how long it may take to get reasonably close to CF0. To this effect, concretes of various chloride diffusivities and binding conditions were considered. Assuming that some estimate of the chloride diffusivity is known beforehand, the predicted times to approach to equilibration as function of various binding scenarios can be then used to assess whether the test can be implemented within a practical test time. However, the value of DF used in the above analysis is usually not known; data are typically available instead as an apparent diffusivity DAPP obtained by fitting an error function solution to a total chloride profile (Berke and Hicks 1992). Nonetheless, an approximation to estimate DF can be made by noting that a total chloride profile must be somewhere between the extreme that would result if no binding existed (in which case the fit would yield DAPP=DF) and a case with linear binding where DAPP=DF/(1+K) (Sagüés et al 2001). By similar considerations as those used when discussing Fig.6, this latter value would also bound the non-linear binding cases (CL<(). Thus, a working estimate of DF for calculating test duration was taken as the logarithmic mean of the DAPP and DAPP=DF/(1+K).

A condition where 80% of the terminal value (CG=0.8) is reached was chosen as representative of a practical compromise between test duration and accuracy in the determination of CF0. The corresponding test duration t0.8 was calculated as a function of DAPP using the above bounded estimate for several likely cases of interest and the results are presented in Fig.7 
 for a typical conditions of cavity dimension rc=0.18 cm and Vr=3. In absence of binding, t0.8 is reasonably short (~16 days) for high permeability concrete with DAPP~10-7 cm2/sec (Sagüés 2003) but very long (~4 years) for low permeability concretes with DAPP~10-9 cm2/sec (Cady and Weyers 1984). But binding, likely to be present to a considerable extent in most cases, significantly improves the prognosis of rapid test execution in cases of interest. If conditions approximate simple linear binding with K=10, t0.8 would be as short as ~10 hr and ~40 days for concretes with DAPP~10-7 cm2/sec and DAPP~10-9 cm2/sec, respectively. If non linear binding conditions (K=10 and CL=5 kg/m3) typically encountered in practice are present (Rasheeduzzafar et al 1991), t0.8 values would require ~1 year for DAPP~10-9 cm2/sec, but only ~4 days for DAPP~10-7 cm2/sec. Thus, ISL has good chances to provide useful results in a reasonable test time for pore water chloride measurements in concretes in the moderate/high permeability range.

These projections are in agreement with results of preliminary calculations (Sagüés et al 2001, Cáseres et al) and are consistent with findings from experiments with concrete cores extracted from highway bridges in chloride exposure service in West Virginia (Cáseres et al). In those tests, multiple cavities drilled at various distances from the external surface yielded satisfactory results on free chloride concentrations within practical timeframes (~20 days). In addition, concurrent total chloride and pH measurements at the cavity locations provided valuable information on the operating binding isotherm and chloride-to-hydroxide ratio in the pore water presented elsewhere (Cáseres et al).
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Fig. 7: Estimation of te (corresponding to CG=0.8) as a function of typical DAPP values. Filled symbols: no binding or linear binding. Open symbols: non-linear binding (K=10)
2. CONCLUSION

The extended calculations presented here yielded encouraging further indication that this novel method, which was previously used for pH and nitrite ion determination, is also feasible for determination of chloride in the pore water for cementitious materials with a moderate value of DAPP. Other practical implementation issues, notably the loss of cavity water in some cases due to incomplete prior saturation of the specimens (Cáseres et al) need attention and are being investigated at present.
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CF: Free chloride concentration in the specimen





CW: Chloride concentration in cavity water
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Boundary Conditions








� It is noted that the results of Fig.3 include cases of significant cavity water loss during the test, so cavities needed periodic replenishing with fresh water. In such cases, the data after each refill are treated as starting again at time zero (Cáseres et al).


� Projections of test duration for other target CG values can be made approximately using Fig.7 and the curves shown in Figs. 5 and 6.
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